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ABSTRACT 
The responses to water stress of seedlings of Acacia holosericea A. Cunn. 
ex G. Don from both a high rainfall (HR) and low rainfall (LR) provenance, and of 
A. cowleana Tate. grown in small pots and in 1 metre long pots in a glasshouse 
were examined. 
In small pots, A. holosericea (HR) seedlings grew best in shoot height, 
diameter, leaf area and total biomass under well-watered and water stressed 
conditions. Although having lower concentrations of chlorophyll a and b in the 
phyllodes under well-watered conditions, A. holosericea (HR) seedlings had the 
highest stomatal conductances, assimilation and transpiration rates, and Ci/Ca 
ratio. Chlorophyll concentrations increased and chlorophyll a:b ratio decreased in 
all seedlings under water stress. Nitrogen concentrations in the phyllodes were 
similar in all seedlings and were unaffected by water stress whereas phosphorous 
concentrations, which were highest in A. holosericea (HR) and lowest in A. 
cowleana seedlings under well-watered conditions, were reduced by water stress to 
similar levels in all seedlings. 
Water stress reduced phyllode size and total phyllode area in seedlings of 
all provenances, and phyllode thickness increased in A. holosericea (HR), and 
decreased in A. cowleana seedlings. Specific leaf weights were increased by water 
stress only in A. cowleana seedlings. Water stress increased stomata! density in A. 
holosericea (HR) and A. holosericea (LR) seedlings and decreased the number of 
phyllode hairs in all seedlings. 
A. holosericea (HR) used less water per unit area of leaf under both well-
watered and water stressed conditions and had a higher water-use efficiency 
particularly in the water stressed conditions. Nevertheless, A. holosericea (HR) 
seedlings used more water per day due to their larger size. Stomata! resistances in 
A. holosericea (HR) seedlings increased more rapidly under water stress than 
V 
seedlings from the other t\vo provenances but epidermal conductances were 
similar in all seedlings and were unaffected by water stress. 
Water stress reduced osmotic potential in the shoot tissues to similar 
levels in all seedlings and altered the moisture characteristic curve such that 
stressed seedlings maintained a higher relative water content for a given drop in 
water potential. These changes were associated with a decrease in the turgid 
weight/ dry weight ratios in A. holosericea (LR) and A. cowleana seedlings but not 
in A. holosericea (HR) seedlings. When exposed to continuing water stress, 
seedlings of A. holosericea (HR) wilted and died earliest and A. cowleana seedlings 
latest. 
Water stress reduced both shoot growth and root growth but root growth 
was reduced less leading to higher root:shoot ratio in all seedlings. Root:shoot 
ratios were highest in A. holosericea (LR), and A. cowleana seedlings maintained 
better root growth relative to shoot growth than A. holosericea (HR) seedlings 
under water stress. 
The responses of seedlings grown in 1 m long pots differed somewhat 
from those in the small pots due probably to the larger soil volume available to 
the seedlings. A. holosericea (LR) seedlings grew best in the long pots under both 
well-watered and water stressed conditions due largely to the better developed root 
systems. A. cowleana seedlings responded best to water stress, compared with the 
well-watered treatment, in terms of shoot water potentials, shoot moisture 
content, and shoot and root growth. 
The results are discussed in terms of the combination of characteristics 
which indicate that A. cowleana and A. holosericea (LR) seedlings are better 
adapted to withstand drought than A. holosericea (HR) seedlings. 
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r CHAPTER I 
INTRODUCTION 
1.1 General 
Water stress is often the single most important environmental factor 
affecting the survival, growth, and distribution of plant species (Kramer, 1983) 
and, in particular, often limits plant establishment and growth in the arid and 
semi-arid regions of the world. Gibson and Bachelard (1987) also point out that 
species and provenances within species may be highly adapted to the specific 
moisture conditions in the environment in which they occur naturally. Such 
adaptations could have important consequences for the natural distribution of 
species and provenances and also for their use in plantations outside their natural 
habitats. Accordingly, drought tolerance studies are of particular importance in 
many tree improvement programs because there is a large scope for selecting 
resistant genotypes adapted to water limiting conditions from within and among 
populations. Differences in drought tolerance between Acacia species have been 
reported (Connor and Tunstall, 1968; Babu et al, 1987) but research into differences 
in drought tolerance between provenances within Acacia species has scarcely 
begun (New, 1984). 
1 
1.2 Acacias 
1.2.1 Introduction 
licacia is a large genus of mainly woody shrubs and trees found in many 
parts of the tropics and the southern temperate regions.It is the largest genus of 
higher plants in Australia with over 700 described and 150 undescribed species 
(Hnatiuk and Maslin, 1988). There are 130 species in Africa and the Middle East 
(Brenan, 1983) and the genus is also well represented in Central and South 
America. Acacia is amongst the most prominent genera for both social and 
commercial forestry operations throughout the world. In social forestry Acacias 
are successful because they are fast growing, fix nitrogen, are adapted to a wide 
range of sites and soils, some can coppice and they can be used for a range of 
purposes. 
1.2.2 Distribution 
The distribution of acacias is very wide, stretching from arid shrublands to 
moist lowland rainforests but the genus is more dominant in the drier zones. This 
distribution may suggest that the acacias are drought resistant. In the high rainfall 
areas acacias are mainly found as an understory but many acacias are pioneer 
species which emerge after disturbance, for example, after clearing or fire. 
r 1.2.3 Uses 
In Africa both indigenous and introduced acacias are important in social 
forestry. Some of the most important African acacias include A. albida and A. 
tortilis which are valuable fodder trees, A. nilotica is used for tannin and A . 
. 
senegal for gum production. Most species have value for fuelwood production 
and potential in agroforestry. Australian acacias have been used for various 
purposes around the world. For example, A. cyclops is used for stabilising sand 
dunes in Tunisia, Libya and Egypt (El-Lakany, 1987), A. holosericea is planted as a 
wind break in West Africa (Cossalter,1987), A. saligna is used for rehabilitating 
mine dumps and A. podalyriifolia and A. baileyana are used as ornamentals in 
Zimbabwe (Gwaze, 1987). Seeds of some acacias are used as human food and 
according to Orr and Hiddins (1987) some of the Australian acacias have a higher 
nutrient content (protein, fat and energy) than wheat or rice. A major commercial 
use of acacias is in the production of tannin and A. mearnsii is grown for this 
purpose in Brazil, South Africa, India, Kenya, Zimbabwe and Tanzania (Boland, 
1987). A. mearnsii wood from the tannin plantations is used for pulpwood, 
mining timber, poles, charcoal and fuelwood in some countries. In Thailand A. 
auriculiformis is used commercially for pulpwood and furniture (Pinyopusarerk, 
1987) and in France, A. farnesiana and A. dealbata flowers are used in perfume 
production (Boland, 1987). 
3 
1.2.4 Study species 
The species selected for study were A. holosericea and A. cowleana. The 
species are closely related and are generally shrubs to small trees up to 7m tall. 
Larger specimens (9m) of A. holosericea have been observed during seed 
collection in Western Australia (Thomson et al., 1984) and in the Northern 
Territory (Vercoe and McDonald, 1986). A. holosericea ranges from northern 
Western Australia to north-eastern Queensland and southwards into central 
Australia. Its latitudinal range is between 110 to 240 south latitude (see Fig. 1.1) and 
it ranges in altitude from near sea level to about 750m. The mean annual rainfall 
varies from 300mm to more than 1500mm (Turnbull, 1986). It is commonly found 
on sandy or gravely banks of seasonally dry streams but it is occasionally found on 
more fertile red volcanic soils. A. cowleana 's distribution ranges from 18 to 260S 
latitudes and from 100 to 650m in altitude. Its annual rainfall ranges from 200 to 
600mm per annum (Turnbull, 1986). A. cowleana is found mainly in water 
courses and better-watered parts of the sandy plains and the soil ranges from sands 
to red-brown clay loams. 
A. holosericea has been planted in Australia and in other countries on a 
small scale. Its growth rate is reported to be fast, achieving 3.46m in height in 2 
years in Zimbabwe (Gwaze, 1989) and 6.86m in 2 years in Thailand (Pinyopusarerk, 
1989) and it is reputed to be drought tolerant (Cossalter,1987). It is a multipurpose 
tree species which is suitable for fuelwood and charcoal (Hammel, 1980), and as a 
windbreak (Cossalter, 1987; Hamel, 1980). Although Hammel (1980) reported that 
in West Africa dry leaves are suitable for fodder the author did not find this to be 
the case during his visit to West Africa in 1989. As an exotic, A. holosericea is 
likely to contribute significantly in dry areas vvhere the demand for forest products 
and services at a local level is high. In Australia A. holosericea is used for the 
rehabilitation of mine dumps (Langkamp et al, 1982) and for landscaping purposes 
(Simmons, 1981). 
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Figure 1.1. Natural distribution of A. holosericea and A. cowleana (after Turnbull, 
1986). Location of provenances used in the study is shown. HR=high rainfall and 
LR= low rainfall. 
A. cowleana is being tested in Africa and has been reported to be fast 
growing in Zimbabwe (Gwaze, 1987, 1989), achieving heights of 2.35m in 1.5 years 
(Gwaze, 1989) and may be more drought tolerant than A. holosericea but less 
productive (Cossalter, 1987). It is a good fuelwood, seeds are suitable for human 
food and it is suitable as windbreak (Thomson, 1989). 
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1.3 Mechanisms by which Acacias cope with drought 
Many acacias originate from arid and semi-arid parts of the world and in 
order to survive in such areas the plants must possess · some morphological 
and/ or physiological 1nechanisn1s to cope with the water stress. Very little work 
has been carried out on the responses of acacias to water stress. Most of the work, 
both field and glasshouse, has been limited to Australiin species (Szarek and 
Woodhouse, 1978). 
Acacias from the dry areas often have smaller phyllodes than those from 
the high rainfall areas (New, 1984). Farrell and Ashton (1978) found that phyllodes 
of A. melanoxylon from the drier inland parts of its natural range were much 
smaller than those from the wetter areas. This reduction in phyllode size in drier 
habitats may be an adaptation to restrict water loss by reducing the surface area 
available for absorption of radiant energy and for transpiration. The phyllodes are 
normally vertically orientated and this offers acacias a means of avoiding high leaf 
surface temperatures and excessive transpiration associated with high interception 
of radiation. During periods of high water stress the pinnules on bipinnate species 
or on young seedlings of phyllode species 'close-up' (New, 1984) and this would 
reduce water loss through the reduction in the leaf area exposed to direct 
radiation. Drought avoidance of some acacias in arid zones is associated with long 
tap roots. New (1984) reports that roots of some acacias have been traced to depths 
of 6 to 12 metres and A. gregii has a deep root system (Garcia-Moya and Mckell, 
1970). Hellmuth (1969) attributed the drought tolerance in A. craspedocarpa to 
increased thickness of the cuticle and formation of 'epistomatal cavities' which 
reduced transpiration during periods of water stress. 
Drought conditioning may lead to increased drought tolerance due to an 
increase in solute accumulation (osmotic adjustment) which results in positive 
turgor potential at low water potentials. Tunstall and Connor (1975) found that 
only previously unstressed phyllodes of A. harpophylla developed a negative 
turgor potential under natural field conditions. Hellmuth (1969) found that a 
6 
decrease in osmotic potential and not stomatal closure was related to drought 
tolerance in A. craspedocarpa. However, Babu et al. (1987) found stomatal 
resistance played a role in drought tolerance in acacias. They found that A. 
auriculiformis was more drought tolerant than the other acacias due to high 
stomatal resistance and also high bark moisture, high praline content and high 
water potential. A. harpophylla was found to be more drought tolerant than A. 
aneura due to maintenance of a higher relative water content of phyllodes as 
water deficit increased (Connor and Tunstall, 1968). 
1.4 Rationale for the study 
Many countries in which A. holosericea and A. cowleana have been 
introduced are characterised by long dry seasons and the mean annual rainfall in 
most areas is less than 600mm. For example, 60 percent of Zimbabwe has more 
than eight months of drought and receives less than 600mm of rainfall per 
annum. In such climates, a plant's ability to cope with water stress is important in 
determining its survival and growth. In fact present afforestation activities in 
many developing countries are being directed towards these arid and semi-arid 
areas where the majority of the population live as rural subsistence farmers. The 
availability of_ forest products and amelioration of such dry land environments by 
tree planting will improve the economy of the rural farmers. 
One of the drawbacks in the wider use of acacias is lack of information on 
the underlying physiological mechanisms by which they tolerate environmental 
stress (Turnbull, 1987). A. holosericea and A. cowleana occur over a wide range of 
rainfall regimes in their natural environments and it is likely that variation in 
drought tolerance occurs between provenances in these species. This study is the 
first physiological investigation of the tolerance of A. holosericea and A. cowleana 
to water stress. The selected provenances comprised two provenances of A. 
holosericea and one of A. corvleana with one provenance of A. holosericea being 
from the coastal high rainfall area and the other from the dry inland area while 
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the provenance of A. couleana was from the dry inland area. A. cowleana and A. 
holosericea are closely related and A. holosericea from the dry inland area 
(hexaploid) may be a hybrid between A. cowleana (tetraploid)and A. holosericea 
from the coastal area (diploid)(Thomson, personal communication). In the dry 
inland areas, A. holosericea is frequen ly associated with A. cowleana with A. 
holosericea occupying moister, lower parts of the landscape, including margins of 
seasonally wet drainages (Thomson, personal communication). It is quite likely 
that differences in drought tolerance exist between A. cowleana and A. 
holosericea. Since selective pressures are often greatest during seedling 
establishment the influence of drought adaptation on seedling establishment 
could be crucial. Planting failures could be minimised by developing provenances 
with superior establishment characteristics. This study aims to explore adaptations 
to limiting water conditions in A. holosericea and A. cowleana at the seedling 
stage by comparing the responses to water stress of seedlings originating from 
environments of differing moisture regimes. 
1.5 Objectives 
1) To determine the extent of differences in response to controlled water 
stress conditions of two A. holosericea provenances and one A. cowleana 
provenance. 
2) To identify any morphological and physiological mechanisms 
responsible for observed differences between species and provenances. 
8 
CHAPTER2 
Literature Review 
2.1 Importance of water to plants 
The importance of water to plants cannot be over emphasized because in 
many ways water controls growth more than any other factor. Water makes up 80 
to 90 percent of the fresh weight of most herbaceous plants and over 50 percent of 
the fresh weight of woody plants (Kramer, 1983). If the water content falls much 
below these levels many physiological activities of the plant are impaired. Water is 
required for germination of seeds and it functions in the early hydration of cells 
and tissues. It is a common solvent for all compounds such as sugars, organic 
nitrogen, oxygen and other compounds in the plant and, in soil it serves as a 
solvent to plant nutrients and as a carrier to transport these nutrients to absorbing 
surfaces of the roots. It is also the solvent for the movement of mineral nutrients 
from roots to foliage within the plant. 
Water is a reactant or substrate in many important metabolic processes 
including photosynthesis and hydrolytic processes such as the amylase-mediated 
hydrolysis of starch to sugar in germinating seeds (Kramer, 1983). Most enzyme 
activities are controlled by water as, in addition to acting as a solvent, it also 
controls enzyme structure and function (Craft, 1968). 
A further role of water is in maintaining cell turgidity which is essential for 
cell enlargement and growth and the maintenance of the form of herbaceous 
plants (Kramer, 1983). 
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2.2 Water relations Terminology 
The state of water in plant tissue is usually described in terms of water 
potential or the chemical potential of water. In thermodyna1nic terms, the water 
potential (\Ji) is attributed to the folloTNing cor.:1ponent potentials (Turner and 
Kramer, 1980): 
\JI= p + 7t + 1: + G' (2.1) 
1 0 
where Pis the turgor potential; 1t is the osmotic potential due to the concentration 
of solutes; 1: is the matric potential; G is the gravitational potential. While the use 
of water potential as an expression of the energy state of water is 
thermodynamically correct and measurable, there are some doubts regarding the 
separation of water potential into all of the above components (Weatherly, 1970; 
Passioura, 1980). The problem is that \l' cannot be separated into P, 1t, 't and G 
components if there is an interaction between them. Tyree and Jarvis (1982) point 
out that matric potential is not an important component of water potential because 
its influences can be accounted for by P and 1t. The gravitational potential does not 
contribute significantly to \Ji in tall trees so it is conventionally omitted from the 
equation (Street and Opik, 1984). 
Turgor pressure is the force exerted by the water in the cell upon the cell 
walls and is usually considered to be positive. Although some authors support the 
existence of negative turgor (Oertli et al. 1990) this has been disputed by Tyree 
(1976) and according to Meinzer et al. (1986) evidence for negative turgor can arise 
from measurement or calculation errors due to dilution of cell contents by the 
apoplastic water. 
Conventionally the vvater relations equation is generally simplified into 
the form: 
\JI= P + 1t · (2.2) 
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Fig 2.1. A Hofler diagram illustrating how water potential ('¥), osmotic 
potential (1t) and turgor potential (P) change with relative water content (RWC) 
(after Turner, 1981). 
Water (\f) and osmotic (1t)potentials have negative values, except in fully 
turgid cells, where the turgor potential balances the osmotic potential, and the 
water potential becomes zero. Turgor potential (P) is generally positive but as water 
loss is lost from the cell and both water potential and osmotic potential become 
more negative a point is reached at which the protoplast no longer presses against 
the cell wall. At this point, the point of incipient plasmolysis, the turgor is zero and 
the water potential and the osmotic potential are equal. These relationships 
between the components of cell water potentials can be illustrated in a Hofler 
diagram (Fig. 2.1). 
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2.3 Soil-Plant-Atmosphere continuum 
The ecological significance of water conditions for plant survival and 
growth cannot be studied without reference to the environmental conditions 
under which the plant is grown. Plant ·water use and vvater stress depend upon the 
dynamic interactions between the environmental and plant factors which 
influence water supply and water loss within the plant. 
1 ..... 
The concept of a soil-plant-atmosphere continuum (SP AC) provides a basis 
for a general approach to the water relations of the plant-environment 
interactions. Kaufmann and Hall (1974), Elfving et al. (1972) and Kramer (1983) 
describe the movement of water as analogous to electricity with both a driving 
force (water potential) and resistances being present in the system. The following 
expression is then used for a steady state of water flow through the whole system: 
Flux= 
\fl.- \fl 
so1 l root \fl - '¥. root 1 eef 
R 3oi l to root R root to 1 eaf R 1 eaf to air 
In SPAC the water flow through the plants is driven by the water potential 
gradients vvhich result from water stress in the leaves generated by transpiration. 
Leaf water potential is influenced by conditions in the continuum by: 
'P1eaf = '¥soil - (Flux) X Rsoil to leaf (2.4) 
Therefore the rate of decrease of leaf water potential as transpirational flux 
of water increases depends on the resistance to the flux between the soil and the 
leaf. When transpirational flux is very low changes in resistance should have little 
influence on water potential gradients (Elfving et al., 1972). As flux increases, 
increased resistance should result in a more negative leaf potential than predicted. 
If resistance is large, the implication is that low leaf water potentials may occur in 
tall trees largely as a result of distance from the source of water (Hellvist et al., 
1974). The equation shows that where flow resistances are high, potential 
differences between leaf and soil must be large to maintain a given flux. As a 
1 3 
result, when transpiration rates are large, leaf vvater potential must be much lower 
than soil water potentials. Therefore, leaf water potentials vary over the diurnal 
cycle of potential evapotranspiration with minimum values usually occurring 
near midday. If potential evapotranspiration is high, leaf water potential may fall 
to values where stomatal closure occurs even when soil water potential is high 
(Terry et al., 1983). The location of resistance in the leaf is unknown, although the 
major pathway of liquid water flow is probably through the cell walls to the sub-
stomatal cavity after it has left the vascular tissue (Sheriff and Meidner, 1974). The 
alternate protoplasmic pathway has a much higher resistance because of the low 
hydraulic conductivity of cell membranes (Barlow, 1983). Although equation 2.4 
illustrates the interaction between transpiration and soil water potential and their 
impact on foliar water potential one of the weaknesses is that it assumes that their 
resistances are constant and that there is no storage of water in the tissues (Teskey 
and Hinckley, 1986). In fact stored water from the sapwood may be the initial 
source of transpired water. This is because the most readily available sources of 
water are used first. The availability of sapwood water is shown by the long time 
lag in propagation of water potential from transpiring leaves to the roots. Also 
resistances vary with changing conditions. For example, stomata partially regulate 
the resistance at the leaf/ atmosphere boundary but as soil dries not only does soil 
water potential fall, but the hydraulic resistance in the soil increases markedly 
(Terry et al., 1983). 
While it has been suggested that soil resistance becomes limiting in 
relatively moist soil, most experiments indicate that plant resistance exceeds that of 
soil until soil water content has decreased to about permanent wilting point 
(Kramer, 1983). Blizard and Boyer (1980) state that suggestions that soil resistance is 
the major resistance have ignored the increase in plant resistance and/ or have 
assumed root densities were too low. Plant resistances are greater than soil 
resistances over a wide range of soil moisture contents (Kozlowski, 1982).0n the 
other hand shrinking soil and roots may produce an increase in resistance at the 
soil-root interface (Kramer, 1983). 
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The resistance of ,water flo1,v across the root is a function of the viscosity of 
water, the state of the cell membrane and the anatomy and degree of suberization 
of the tissue. Water flow to the root through the soil is by mass flow following a 
water potential gradient from soil to the root. The rate of flow is dependent on the 
magnitude of the water potential gradient, soil hydraulic conductance, temperature 
and the degree of contact between root and soil (Teskey and Hinckley, 1986). 
2.4 Development of plant water deficits 
Internal plant water deficits are usually the result of excessive transpiration 
or slow absorption from dry, cold or poorly aerated soil or a combination of both 
(Kozlowiski, 1968). Transpiration is controlled by the morphology ·of the leaves and 
also by environmental factors such as temperature, wind, humidity and radiation. 
Morphological factors of the leaves that affect transpiration include stomatal 
opening, glaucousness, thickness and hairiness of the leaves. Absorption is 
controlled by the rate of transpiration, soil factors (temperature, aeration, soil 
texture) and size and distribution of the root system. 
When transpiration exceeds absorption leaves lose turgor and wilt. All 
actively transpiring plants experience some degree of short term water deficits 
regardless of hovv well they are supplied with water (Turner and Begg, 1981). 
Permanent wilting will occur when the soil is so dry that plants cannot recover 
turgidity at night (Kozlowski, 1958; 1968). Diurnal variations occur in transpiration 
rates being highest in the morning, decreasing in the late afternoon and practically 
stopping overnight (Kozlowski, 1958). This variation results in diurnal shrinkages 
in many species as the plants lose moisture. 
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Transpiration rate varies 1,,vi th season being higher in summer than in 
winter. However winter and early spring desiccation of leaves may occur due to 
warming of the air (resulting in high transpiration rates) while soils are cold and 
water cannot be absorbed sufficiently rapidly to replace the transpirational losses 
(Kozlowski, 1958). In general the rate of decline in leaf water potential of plants 
growing on a residual soil moisture is determined by the daily evapotranspiration, 
amount of available soil water, the soil water potential and the magnitude of the 
hydraulic resistances located between the soil and the leaves (Flower and Ludlow, 
1986). There is, however, no direct relationship between water potential in the leaf 
and water potential in the soil (Turner and Begg, 1981) and the soil water potential 
merely sets the upper limit of recovery possible by the plant at night. Therefore it is 
important to relate growth to the level of stress experienced by the plant and not to 
the water potential in the soil. The in terrela tionshi p between transpiration and 
absorption is illustrated in Figure 2.2. Assuming that the same evaporative 
conditions prevail each day, the upper limiting curve shows the progressive 
decline in soil water potential ('f' soil) as the soil dries. Fluctuations in the water 
potential at the root surface ('f' root), and in the leaves ('f'1eaf) are based on the 
assumption that transpiration proceeds for 12 hours during the day and then ceases 
for 12 hours at night. The diagram shows the progressive decline in soil water 
potential from day to day, which limits the level to which the plant water 
potential can recover, and hence provides a lower limit for the internal water 
deficit. Leaf and root water potentials tend to drop well below this limit value each 
day and tend to recover to the equilibrium value each night. As soil water 
potential continues to drop, leaf water potential and leaf cell turgor decline and the 
leaves begin to wilt until they reach the permanent wilting point of the plant. The 
loss of leaf turgor parallels adjustments to stomata! conductance with conductance 
decreasing initially in the middle of the day and later decreasing for much of the 
day following a short period of stomatal opening in the early afternoon (Barlow, 
1983). These adjustments to leaf conductance do not result in any increase in leaf 
water potential, but rather prevent further decreases by water loss. 
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2.5 Plant responses to water stress 
2.5.1 Effect of water stress on plant cells 
In many species, cell expansion is one of the plant processes most sensitive 
to water stress (Hsiao, 1973). Following relief from short periods of water stress, 
there is normally a rapid growth phase in cells or tissues with the end result that 
there is no net reduction in total elonga tion. This suggests that cell metabolic 
events continue during stress, but cell expansion is inhibited by low turgor (Hsiao, 
1973). Although cell expansion requires turgor pressure, cell growth can be reduced 
when turgor is maintained (Davies et al., 1986; Termaat et al., 1985). There is a 
threshold pressure called the yield stress required to stretch the cell wall 
irreversibly ( Bunce 1977; Green et al., 1971; Hsiao et al., 1976; Terry et al, 1983). The 
rate of cell enlargement (GR) depends on cell-wall extensibility (m) and on the 
extent to which turgor pressure (P) exceeds the wall yielding threshold (Y) 
according to the equation (Van Volkenburgh and Cleland, 1986): 
GR= m (P-Y) 2.5 
Therefore the rate of cell elongation is not simply a function of P but of the 
growth effective turgor (P -Y). The yield stress may be increased by the laying down 
of additional cell wall material or the hardening of existing cellulose microfibrils 
and it may be reduced by large increases in turgor (Grenetz and List, 1973). Leaf 
growth may be reduced by water stress while turgor is maintained because of 
reduced cell extensibility (Roden et al., 1990). Although the equation makes no 
allowance for the possibility that cell expansion may be limited by the rate of water 
uptake it has commonly been related to plant growth phenomena (Bunce et al., 
1977; Hsiao et al., 1976). 
Although cell division appears to be less sensitive to water stress than cell 
enlargement it also may be inhibited by long exposure to water stress. The effect of 
water stress on cell division may not be d·rect as cells have to enlarge to a certain 
size before dividing (Hsiao, 1973) . Thus inhibition to cell division may be through 
inhibited cell enlargement. 
Rates of photosynthesis are reduced by water stress through interruption of 
CO2 supply by stomatal closure or by direct effects on photosynthesis processes per 
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se. In most species, the initial decline in photosynthesis in response to water stress 
appears to be due to stomata! closure (Turner and Begg, 1981) which in addition to 
reducing transpiration also inhibits uptake of carbon dioxide into the leaf 
mesophyll. There is usually a range of water potentials over which little or no 
reduction in net photosynthesis occurs but as water potential continues to decline, 
a point is reached when a rapid decline in photosynthesis occurs. Briggs et al. (1986) 
and Teskey et al. (1986) considered that although the stomatal response was closely 
coupled to changes in photosynthesis, internal limitations, rather than the rate of 
gaseous diffusion of CO2, were primarily responsible for limiting photosynthesis. 
This suggests that water stress also affects mesophyll processes to a large extent, e.g. 
by reducing activity of the Hill reaction and photosynthetic phosphorylation in 
chloroplasts (Poljakzoff-Mayber, 1981). The main damage to chloroplasts caused by 
water stress includes structural changes resulting from excessive S\velling, 
distortion of the lamellae, vesiculation and the appearance of lipid droplets. The 
maintenance of activity of the photosynthetic apparatus depends on the resistance 
to dehydration of some of the membrane structures, as well as their capacity to 
regenerate and to undergo self-repair. Photochemical processes which result in the 
regeneration of ATP and NADPH2 decline as photophosphorylation declines 
resulting in further reductions in photosynthesis in leaves already deprived of 
carbon dioxide due to the closure of the stomata (Kriedemann and Downton, 1981). 
However, Sullivan and Eastin (1974) noted that results indicating an impairment 
of the Hill reaction by drought were usually obtained with potted plants or 
desiccated excised leaves where the desiccation rates were rapid and may not 
correspond with those in the field. Photosynthesis can also be reduced through the 
effects of water deficits in reducing leaf area development and stimulating leaf 
1· 
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senescence. Water stress appears to have less effect on photosynthesis than on leaf 
enlargement (Terry et al., 1983). Also, decreased membrane permeabilities during 
water stress and lower rates of translocation of photosynthates to the phloem 
contribute to the general slowing do1,vn of photosynthesis. 
Severe water stress causes various hydrolytic enzymes to decrease (Todd, 
1972) thus causing important metabolic activities to cease. The levels of enzymes 
such as nitrate reductase and PEP carboxylase are reduced by water stress (Huffaker 
et al., 1970) and according to Kaiser et al. (1986) the inhibition of enzymes by water 
stress may result from an increase in anion concentration in the stroma. Huffaker 
et al. (1970) point out that activities of the enzymes recover completely after 
rewatering. Although some enzymes are inhibited by water stress enzymes such as 
ribonuclease and amylase are increased (Todd, 1972) and 1,5-diphosphate 
carboxylase is unaffected (Huffaker et al., 1970). 
Water stress reduces protein synthesis. Water stress causes ribosomes to 
shift from polymeric to monomeric form showing a slow down in protein 
synthesis (Hsiao and Acevedo, 1974). Polyribosomes are a protein-synthesising 
complexes made up of riboson1es, transfer RNA, and various enzymes held 
together by messenger Ri1\JA. When the cell is actively synthesising protein, most 
of the ribosomes are in the polymeric form. A slowing down of protein synthesis 
would result in a net decline in the level of enzymes (Hsiao and Acevedo, 1974) 
since enzyme production depends on protein synthesis. 
2.5.2 Drought resistance of plants 
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The response of plants to water stress varies with species, stage of 
development and type of tissue, and the ability of plants to withstand drought is 
influenced by the degree of stress, rate of stress development and the 
environmental conditions (e.g light, temperature) to which the plants are exposed 
(Kozlowski, 1982). Many plant tissues can be hardened by exposure to periods of 
moderate stress and subsequently endure a more severe water stress. Therefore the 
value of resistance that is determined holds strictly only under the particular test 
conditions. 
Two primary types of drought resistance have been identified (Jones et al. 
1981; Street and Opik, 1984) (Table 2.1). These are drought avoidance and drought 
tolerance. Drought avoidance is the ability of plants to escape drought stress by 
maintaining a high tissue water potential while drought tolerance is the ability of 
plants to postpone or to withstand dehydration at low tissue water potential (Jones 
et al., 1981). 
Table 2.1. Mechanisms of drought resistance. 
Adapted from Jones et al. (1981). 
Drought avoidance ( drought tolerance at high tissue water potential) 
1. Maintenance of water uptake 
a) increased root growth 
b) increased hydraulic conductance 
2. Reduction of water loss 
a) reduced epidermal conductance 
b) reduced absorbed radiation 
c) reduced evaporative surface 
Drought tolerance (drought tolerance at low tissue water potential) 
1. Maintenance of turgor 
a) solute accumulation 
b) increased elasticity 
2. Desiccation tolerance 
a) protoplasmic resistance 
a) Drought avoidance 
Drought avoidance is achieved by increasing water uptake and/ or by 
reducing water loss (Table 2.1) and it may be achieved by more than one 
adaptation. Drought avoidance mechanisms normally limit above ground growth 
(Johnson et al., 1981). 
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Some plants are able to avoid vvater stress by reducing their transpiration to 
low levels during drought. In tropical areas in which seasonal drought is common, 
reduction of transpiration by closure of stomata can play an important role in 
drought resistance (Parker, 1968). Stomata! closure can increase water-use efficiency 
by opening in the morning when air temperatures and water stress are low and 
close at midday and during the early afternoon when air temperature and water 
stress increase (Turner and Begg, 1981). On the other hand reduction in 
transpiration may be due to decreased stomata! frequency or small stomatal size. 
However, plants with low stomata! frequency normally have large stomatal size or 
have large total leaf surface areas thereby negating the benefit of less stomata on 
water use (Jones, 1979). When water deficits are sufficient to induce stomatal 
closure the rate of water loss is determined directly by the resistance of the cuticle 
to water vapour (Jordan et al., 1984; Kozlowski, 1982). 
Leaf waxes reflect light and are important in cuticular resistance and can be 
a major factor in drought avoidance (Thomas and Barber, 1974). Some species have 
hairs on their leaves and stems which reduce transpiration by increasing the 
reflectivity of the leaf surface (Juniper and Jeffree, 1983) and reducing leaf 
temperature. The thickness of the leaf hair layer not only affects leaf spectral 
properties but also increases the thickness of the boundary layer of air next to the 
leaf, thus increasing the boundary layer re~istance to heat and mass transfers 
(Smith and Nobel, 1977). In still air the boundary layer can limit the maximum 
rate of transpiration from fully open stomata (Juniper and Jeffree, 1983). Hovvever 
the ecological significance of the boundary layer may be complex since in strong 
sunlight leaf temperatures may be several degrees above the ambient and 
evaporative cooling of the leaf may be important. Thus one cannot readily ascribe a 
single function to a morphological feature. 
Because leaf area affects both loss of water by evaporation and carbon 
fixation by photosynthesis, it forms a critical link between growth and drought 
stress. Although normal diurnal changes in leaf dehydration do not greatly change 
final leaf size, desiccation for long periods reduces leaf area(Boyer, 1976; Parker, 
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1968; Turner and Begg., 1981). Reduction in leaf area can be due to several 
mechanisms, namely reduction in the initiation of nevv leaves; reduction in cell 
expansion; and accelerated leaf senescence. According to Kozlowski (1982) the 
reduction of the transpiring surface by shedding of leaves is of paramount 
importance in the survival of many desert plants. Leaf shedding begins with the 
oldest leaves and progresses tovvards the apical meristem. The disadvantage of leaf 
shedding is that it is irreversible and causes a substantial loss in growth (Turner 
and Begg, 1981). Some species fold or roll their leaves during water stress resulting 
in reductions in the transpiring surface. 
While drought resistance in shoots mainly involves limiting water loss, 
drought resistance due to roots is effected by increasing or modifying the rate of 
water uptake. The root characteristics will vary with edaphic and climatic 
conditions. Shallow soils force the roots to spread out widely while deep soil leads 
to deep rooting, and poor aeration may inhibit root penetration into the soil profile 
reducing their ability to extract water (Ritchie, 1981b). All things being equal, deep 
root systems may offer a means for plants to avoid drought by reaching water at 
soil depth. Certain species from dry areas are known to have deep root systems (e.g 
acacias ( New, 1984) and eucalypts (Zimmer and Grose, 1958)) and this may enable 
the plants to transpire freely and photosynthesise throughout the dry periods. 
However, water uptake is not well related to root length (Hamblin and Tennant, 
1987). Where the amount of rainfall is uncertain and the plant must rely on stored 
soil moisture, then a sparse root system that extracts water at a slow rate for a 
prolonged period may be advantageous. On the other hand, where evaporation 
from the soil surface is a major component of water use, a dense root system may 
ensure a greater proportion of the available water is used by the plant. Where 
downward penetration is limited by depth of wetting, the density of roots in layers 
of soil containing available water may be important (Gregory and Brown, 1987). 
The root:shoot ratio is an important index expressing the balance between water 
absorbing and water evaporating surfaces, and thereby reflecting the water 
economy of the plant. Some species increase the root:shoot ratio with increasing 
..., 3 
water stress (Awe, 1973; Bachelard, 1986a; Christie, 1975; Kramer and Kozlowski, 
1979; Tibbits and Bachelard, 1981; Yang et al. , 1988) . The effect is likely to be greates t 
at levels of stress which are suffi cient to reduce shoot growth significantly but not 
photosynthesis. The continued availability of assimilates at a time of reduced shoo t 
growth permits additional root grovvth (Turner and Begg, 1981). Some plants 
exhibit a substantial increase in absolute root growth when subjected to water stress 
(Nguyen and Lamant, 1989) but in general, shoot growth is commonly inhibited by 
water stress more than root growth so increasing the root:shoot ratio. In some 
species however root:shoot ratio is decreased by water stress (Seiler and Johnson, 
1988) and Kummerow (1980) considered the root:shoot ratio does not offer a clue 
regarding the adaptation of roots to water stress because factors other than water 
stress may cause an increase in root:shoot ratio. Other adaptations of plants to 
water stress include longer and finer roots (Sharma and Ghildyal, 1977) which 
result in a larger surface area per unit root weight and enable the roots to explore a 
larger soil volume for water. Many annuals have fibrous root systems with a large 
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surface area enabling the plants to absorb water as long as it is available 
(Kummerow, 1981). Identification of an effective root system is complicated by the 
fact that some plants from dry areas have inherently shallow roots systems and 
others have deep root systems (Taylor, 1981) and the root system is affected by 
environmental conditions and changes with plant development (Slaton et al., 
1990). 
b) Drought tolerance 
The ability of the plants to tolerate water stress is related to the properties of 
their cell protoplasm (Bewley, 1979). Water deficit may cause a decrease in osmotic 
potential due to an increase in concentrations of solutes such as sugars, amino 
acids, carboxylic acids, K+ and Cl- which may contribute to the decrease in osmotic 
potential (Street and Opik, 1984). This alteration of osmotic potential in response 
to slowly developing water defici ts is know n as osmotic adjustment (Ritchie, 1981). 
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Osmotic adjustment maintains positive turgor as water deficits develop, enabling 
plants to maintain leaf expansion and photosynthetic activity levels "vhich are not 
possible in its absence. It also enhances water uptake by maintaining root extension 
(Ludlow, 1989). Teskey and Hinckley (1986) state that the lowering of osmotic 
potential will increase the water potential gradient from the soil to the leaf, 
allowing the plant to take up more water and to extract water from soil held at 
lower water potentials and hence maintaining a given turgor at lower water 
potentials. This will allow the plants to survive longer during droughts. However, 
if stomatal adjustment accompanies osmotic adjustment, the continued 
transpiration at low water potentials could negate any benefits of an increased 
water stress tolerance (Flower and Ludlow, 1986). Osmotic adjustment is more 
pronounced if stress develops slo\vly (Flower and Ludlow, 1986). They speculate 
that rapid development of water deficit could reduce or inhibit the synthesis or 
translocation of osmotic solutes such that the rate of increase in osmotic 
adjustment is unable to match the rate of decline of leaf water potential. A number 
of environmental factors apart from drought (e.g. temperature) may influence 
osmotic potential (Teskey and Hinckley, 1986). It is worthwhile noting that osmotic 
adjustment does not fully maintain physiological activities (Kozlowski, 1982). Also 
there is a limit to the capacity of plants to accumulate solutes and the osmotic 
potential at full turgor may cease to decrease further with increase in water stress 
although the osmotic potential at zero turgor may continue to decrease (Kwon and 
Pallardy, 1989). The continued decrease in osmotic potential at zero turgor may be 
attributed to increased tissue elasticity. 
The elasticity of the cell wall determines the rate of change of turgor 
pressure of cells in response to changes in cell water content. A tissue that has 
elastic walls will drop its turgor more slowly than one with rigid walls in response 
to a decrease in water content (Cheung et al., 1975). An increase in cell \vall 
elasticity as water stress increases may or may not be an advantage. Dehydrating 
rigid tissues will quickly develop a low vvater potential and thereby maintain a 
gradient for water uptake from drying soil w ithout undergoing a large tissue water 
stress (Cheung et al., 1975). However, rigid cell vvalls could result in protoplasts 
experiencing lethal negative turgor pressures (Tyree, 1976). On the other hand 
elastic tissues can undergo greater changes in cell volume and maintain higher 
turgor pressure as water stress increases (Clayton-Greene, 1983). The maintenance 
of turgor would help maintain physiological activity (e.g. cell expansion, stomatal 
opening) even under severe reductions in relative water content (Davies and 
Lakso, 1979; Robichaux, 1984). Uncertainities regarding the importance of cell wall 
elasticity in tissue water relations include variations in the extent to which tissue 
elasticity is correlated with water stress (Robichaux, 1984), and questions regarding 
') ,.. 
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the physiological meaning of elasticity of the cell wall (Steudle and Wieneke, 1985). 
2.6 Genetic variation in drought tolerance 
The major causes of genetic variation in species are non-random mating, 
migration and locally differential selection (Gregorius, 1985; Namkoong, 1979, 
Kramer, 1983). Non-random mating involves limited pollen dispersal, 
incompatibilities, specific mating caused by the pollination vector or asynchronous 
flowering (Gregorius, 1985). Lack of migration of seed leads to separate 
evolutionary paths being taken by subpopulations. Natural selection, on the other 
hand, brings about an accumulation of adaptive alleles for plant survival at a 
particular site. Therefore the amount of genetic variability which is maintained in 
species depends critically on the local selective difference together with the 
amount of gene flow between localities. This means that limited gene flow 
between localities can allow different populations to be maintained but an allele 
that is advantageous in an environment may disappear due to limitations in gene 
flow. 
Genetic differences in species are frequently viewed in connection with the 
climate. Climate, which comprises the general features of regional, local and 
microclimates, can exhibit diurnal, seasonal or long term cyclic fluctuations. 
Rainfall varies with continent, latitude and altitude and, like other environmental 
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factors, acts on individual species 1.vith ·n a community. Genetic variation may 
exist throughout the range of the species. This variation may be dinal due to 
gradual changes in rainfall, or dramatic over short distances due to sudden changes 
in the rainfall regime. Therefore, drought can exert, directly or indirectly, selection 
pressure in a species. The assumption of such a selection pressure is supported by 
several observations. For instance, Knauf and Bilan (1977) found that seedlings of 
Pinus taeda from a low rainfall area had fewer stomata per unit of surface area, 
thicker cuticles and cutinized epidermis, and greater depth of stomata than 
seedlings from a high rainfall area. These differences would indicate a greater 
ability of the low rainfall provenance to conserve moisture under water stress. 
Kelliher and Tauner (1980) who found that cuttings from Populus deltoides from 
a dry environment had a lower stomata! resistance than those from a wet 
environment interpreted this in terms of the cuttings from the dry environment 
as having a greater adaptation to that environment because they could continue to 
grow as water stress increased. Seedlings of Pseudotsuga menziesii from a dry 
environment withstood water stress better than those from a wet environment 
(Ferrell and Woodlard, 1966) and Ladiges (1974) found that the Eucalyptus 
viminalis provenances from low rainfall areas were more drought resistant than 
those from high rainfall areas. Therefore, there is considerable evidence that such 
differences reflect responses to natural selection. 
2.7 Past climate and adaptation of Australian flora to drought. 
Evidence indicates that the whole of Australian continent had a somewhat 
warm and humid subtropical climate in the early Tertiary (Beadle, 1966; Crocker 
and Wood, 1947) and during this period the continent vvas reduced to a peneplain 
with uniform climate. As a result the many mesic plant genera and species ranged 
widely. The fact that rainforests were more extensive in the past than today is 
supported by fossil evidence and by the occurrence of remotely disjunct rainforest 
genera around Australia (Beadle, 1966). Towards the end of the Tertiary major 
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climatic changes occurred vvhich greatly affected the distribution of the Australian 
flora. The Tertiary peneplain was modified by vertical move men ts initiated in the 
late Miocene and culminated in the late Pliocene (5 million years ago) in the so 
called Kosciusko period. Since the Pleistocene (200 000 years ago) there seems to 
have been four major cooler and wetter (glacial) periods and a dry interglacial 
period. After the Pleistocene a marked decline in rainfall occurred and the onset of 
arid conditions was severe and sudden (Crocker and Wood, 1947). Today 37 per 
cent of Australia's area receives less than 250mm of rainfall per year, 57 per cent 
receives less than 370mm and 68 per cent receives less than 500mm (Boland et al., 
1984). 
The increase in aridity caused the mesic flora to contract into relatively few 
wet areas, being replaced by the xerophytic plant communities. Aridity enabled 
acacias, which had been present since the Tertiary (Martin, 1981) presumably as a 
minor component of the mesic vegetation, to now expand. Today acacias dominate 
plant communities of the arid and semi-arid areas of Australia (New, 1984). 
Therefore acacias may be seen as having outstanding evolutionary capacity to keep 
pace with environmental change. 
The pattern of Australian vegetation closely follows rainfall gradients from 
the high rainfall forests in the southern, eastern and northern coastal regions to 
the desert complexes in the arid interior (Awang, 1977). Species composition of 
forests depends not only on the total amount of rainfall but also on its variability 
and seasonal distribution. Drought may be an important selection pressure in the 
evolution of plants in Australia and plants from the arid areas would have 
adapted morphological and physiological characteristics which enable them to 
conserve water and to extract water from soil with low soil water potential. Species 
in the arid areas of Australia tend to have smaller leaves or phyllodes (Cowan, 
1981) and are more or less vertically oriented (Boland et al., 1984; Florence, 1981) 
thus reducing the absorption of radiation, high surface temperatures and excessive 
transpiration. Species from the dry areas have extensive root systems enabling 
them to extract water from the deeper layers of the soil profile (Doley, 1967; New, 
1984; Florence, 1981). Some species avoid drought through their deciduous habitat 
during the drought season (Boland et al., 1984). Also a number of physiological 
factors are involved in the ability of the plants from the dry areas to survive and 
grow in these areas ( Bachelard, 1986b; Ladiges, 1974, 1975; Myers and Lansberg, 
1989; Yang et al., 1988). 
It could be anticipated that the Australian species used in this study which 
occur naturally in moist and dry environments would show differences in their 
adaptation to water stress. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 General 
Two provenances of A. holosericea from contrasting habitats, one from 
a coastal high rainfall area (1295mm mean annual rainfall) and the other from 
an inland low rainfall area ( 489mm mean annual rainfall), and one inland low 
rainfall provenance of A. cowleana (413mm mean annual rainfall) were used in 
the study. Details of the seedlots used are given in Table 3.1. The climatic data 
was estimated using the BIOCLIM computer program which uses the latitude, 
longitude and altitude information of a site and estimates a set of climatic 
attributes for that site. Hutchinson et al. (1984) describes the type of climatic 
interpolation methods used by the program while Booth (1985) and Booth et al . 
(1988) describe the application of the program. 
Table 3.1 Details of seedlots used in the study. 
Attribute A. holosericea A. holosericea A. cowleana 
(high rainfall) (low rainfall) 
Origin Cooper Creek, N. T. Elliot, N. T. Helen Springs, N. T. 
Latitude 12019·5 17o3o·s 1so31 ·s 
Longitude 133019'E 133031'E 133053'E 
Altitude (m) 60 230 295 
Mean annual rainfall (mm) 1295 489 413 
Wettest quarter rainfall (mm) 862 316 262 
Driest quarter rainfall (mm) 5 9 12 
Mean annual temperature (OC) 27.4 26.5 26.2 
Minimum temperature (OC) 17.3 11.0 10.8 
Maximum temperature (OC) 36.1 38.3 38.4 
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3.2 Experiment 1 
3.2.1 Growth conditions 
Before sowing, the seeds vvere pretreated by immersing in boiling ~rater 
for one minute and soaking for 48 hours in cold water (Doran and Gunn, 1987) in 
order to break dormancy. The seeds (3 seeds per pot) were sown on 23 July, 1989, 
in 2kg of river sand in plastic pots (15cm diameter and 15cm height). Sand was 
used as the growth medium because soils from the natural stands were 
unavailable, it is uniform in texture, and the growth of seedlings is reproducible. 
Two weeks after germination the seedlings were thinned to one per pot. Plants 
were watered once each week with a liquid fertilizer, Aquasol (N:P:K, 23:4:18, 
Hortico Ltd, Australia) at the recommended rate of 0.2 grams per plant and 
otherwise watered daily with tap water. The plants were grown on a bench in a 
naturally illuminated glasshouse equipped with heaters and coolers to avoid 
temperature extremes. The temperatures ranged from 15 to 350c throughout the 
experiment. Relative humidity was not controlled. 
3.2.2 Treatments 
Water treatments conlmenced on 20 November, 1989, and water stress 
was applied for ten weeks. At the commencement of the water treatments pots 
were watered to field capacity by watering to full drainage and allowed to drain 
for 2 hours after which the pots were sealed at the bottom using tape, and 
weighed. The surface of the pots was covered with plastic beads to reduce surface 
evaporation. In the well watered control plants, all the water transpired by plants 
was replaced at 24 hour intervals to maintain the initial weight, and the water 
stress treatment followed the drying cycle technique used by Tibbits and 
Bachelard (1981). Water was withheld from the stressed plants until the plants 
showed visible signs of wilting after which they were watered to field capacity by 
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weight. This technique was also used by Ashraf and \1ehmood (1990) and helps 
to ensure that plants of different size and ,vith fevver and smaller leaves are 
subjected to similar degrees of stress. 
3.2.3 Experimental design 
The experimental design was a factorial with 2 water treatments and 3 
provenances and was replicated 15 times, giving a total of 90 pots. 
3.2.4 Measurements 
a) Growth 
Shoot height was measured weekly (to the nearest 0.5cm) by measuring 
the length of the main stem from soil level to the apical meristem. Stem 
diameter was measured with a vernier calliper at soil level at the end of the 
experiment. For biomass analysis, shoots were removed, and the roots were 
carefully washed from the soil by hand to minimize fine root losses. Phyllode 
areas were determined using a continuous belt leaf area meter, Type AAM-5, 
Hayashi Denko CO. Ltd., Tokyo. All parts (leaves, stems and roots) were oven 
dried at ssoc for two days and then weighed. Three plants from each treatment 
were harvested fortnightly in order to obtain the dry weights of the plant and its 
components. Four harvests were made. 
b) Water use and water use efficiency 
The amount of water transpired by the plant was estimated by daily 
weighing of each pot and three pots without plants in each of the water 
treatments were used to estimate the amount of water evaporated from the soil. 
The water transpired by the plant each day was calculated as the amount of vvater 
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lost by the pot less the evaporation from he soil surface. The gain in weight due 
to photosynthesis and loss of vveight due to respiration are inherent errors in this 
method but these are usually small compared with transpiration losses and are 
therefore neglected (Baker, 1984). Water-use efficiency was calculated as the ratio 
of dry weight produced to the water transpired during the same period (Masle 
and Farquhar, 1988). 
At each harvest relative water contents and predawn water potentials 
of each seedling were determined. The relative water content was obtained by 
cutting the first fully expanded phyllode from the apex as close to the stem as 
possible. The phyllode fresh vveight (FW) was determined and the phyllode was 
rehydrated by placing a freshly cut end into vvater and leaving it overnight in a 
dark cupboard after which it was wiped to remove excess moisture, and 
reweighed to obtain the turgid weight (TW). The phyllode was oven dried for 48 
hours and weighed to obtain the dry weight (DW). The relative water content 
was calculated from: 
RWC = (FW-DW)/(TW-DW) 
The pre-dawn water potential of the shoots was obtained using a 
pressure bomb (Scholander et al., 1965). 
c) Stoma tal resistance 
Stomata! resistance of the uppermost fully expanded phyllode from the 
top of ten seedlings from each treatment was measured using a parameter. 
d) Tissue water relations 
Tissue water relations vvere determined using the pressure-volume (P-
V) technique. The P-V technique originally introduced by Scholander et al. (1965) 
has frequently been used to measure water potential, and calculate osmotic 
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potential and the turgor potential of plant tissue (e.g. Tyree and Hammel, 1972; 
Robichaux, 1984, Yang, 1987). 
After ten weeks of treatment the components of tissue water potentials 
were estimated from the P-V curves derived from shoots of four seedlings of 
each provenance in each treatment. Shoots were severed at about 10cm from the 
apical meristem, and rehydrated by cutting a piece off the stems under water and 
• 
allowing the shoots to take up water by placing the cut end in water overnight in 
the dark. The following morning excess water was wiped from the stems. The 
shoots were then: 
a) weighed ( to the nearest mg). 
b) placed in a pressure bomb and the pressure increased using nitrogen 
gas until the sap just reached the cut surface. The balance pressure 
was recorded. 
c) removed from the bomb and reweighed. 
The shoot was allowed to air-dry on a laboratory bench and after losing 
5 to 10 mg the procedure was repeated. Observations continued until the 
regression of the linear relationship between the reciprocal of the balance 
pressure (1/'l') and the calculated relative water content (using an assumed dry 
weight) yielded a correlation coefficient of 0.99 or better on at least S points. The 
shoot was then oven dried (8soc for two days) to obtain the dry weight, and the 
relative water content (RWC) was calculated from: 
RWC = (FW-DW)/(TW-DW) 
where : TW = turgid weight (estimated by extrapolation to the axis of 
the linear regression of the initial 3-4 readings of fresh weight against the balance 
pressure). 
A typical P-V curve is shown in Fig. 3.1 and several parameters of tissue 
water relations were determined from these curves as described by Tyree and 
Hammel (1972). 
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Fig. 3.1. A pressure-volume (P-V) curve showing the relationship of 
the inverse_ of the water potential (l!l) to relative water content (RWC). 
(Data points from A. holosericea (HR) provenance). 
3.3 Experiment 2 
3.3.1 Growth conditions and experimental design 
Additional plants established at the same time as those used in 
Experiment 1 were transferred in October, 1989 into 25cm by 25cm pots 
containing sand. The same water treatments as in Experiment 1 were imposed in 
December, 1989. This experiment consisted of 2 water treatments and 3 
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provenances in 8 replicates , giving a total of 48 plan ts in a 2x3 factorial design. 
Water treatments were applied for six months. 
3.3.2 Measurements 
a) Leaf hairs 
Segments (ca. 5mm2) from the middle of the uppermost fully expanded 
phyllodes from each of four plants in all treatments were collected, dipped into 
liquid nitrogen, and freeze dried. The segments were mounted on 10mm stubs 
using clear nail polish, coated under vacuum with gold and examined with a 
Cambridge S360 scanning electron microscope. Length, width and density of hairs 
were measured. 
b) Stomata[ size and distribution 
The uppermost fully expanded phyllode from the top from each of the 
four plants in each treatment was removed to determine the stomata! 
distribution and pore size on the surfaces of the phyllodes. Cuticle 'phytoglyphs' 
were prepared following the method outlined by O' Brien and McCully (1981). A 
1cm wide strip was removed from the centre of each phyllode and placed in a 6:1 
mixture of hydrogen peroxide and glacial acetic acid and boiled for 30 minutes. 
The strip was removed and washed with tap water. The surfaces were separated 
and mounted, with cuticle side down, in 1 o/o acid fuschin on a labelled glass slide. 
Four photographs of each of the surfaces were taken using a Wild MPS 51 
photoautomat mounted on a Wild M20 microscope. Ilford FP4 film was used. 
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c) Leaf structure 
About 1cm2 of phyllode was cut from the middle of the uppermost 
fully expanded phyllode from four plants in each treatment and fixed in 70o/o 
ethanol, glacial acetic acid and commercial formalin in the ratio of 18: 1: 1 for six 
days. The tissues were then washed three times with 70% ethanol and 
dehydrated by passing through a series of alcohols as outlined .by Purvis et al. 
(1966); 
Water (ml) 
50 
30 
15 
0 
0 
0 
Ethanol (ml) 
40 
50 
50 
45 
25 
0 
Normal butyl alcohol (ml) 
10 
20 
35 
55 
75 
100 
The tissue was left in each solution for a minimum of 4 hours and in normal 
butyl alcohol for eight hours. The last dehydration series was repeated four times. 
The tissue were infiltrated with wax and sectioned using a rotary 
microtome, and sections stained with 0.05% Toluidine blue. Leaf structure was 
examined under a Wild M20 light microscope. 
d) Leaf clearing 
The phyllodes were cleared using the method described by Page and 
Tan (1986). The uppermost fully expanded phyllode from three plants in each 
treatment was immersed in hot 5% NaOH for two days during which the NaOH 
was changed repeatedly, until all the black tannin had been removed from the 
phyllodes. The phyllodes were rinsed well with tap water and left in commercial 
liquid bleach for two days after vvhich they vvere rinsed again with tap water and 
immersed in basic acid fuschin stain for two days. The stain was prepared by 
dissolving as much as possible of 5 grams of basic fuschin in boiling water. The 
heat was turned off and 30 grams of potassium hydroxide pellets were added 
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gradually. The solution was cooled slightly and then filte red us ing a suction 
pump). After staining, the phyllode was 1.,vashed 1.,vith tap wate r, then immersed 
in 50% alcohol for two hours, then in 70 o/o alcohol previous ly acidified with 
concentrated hydrochloric acid (5 drops in 500ml) for one day after which it was 
vvashed with water and then taken through a graded series of glycerol (5%, 10% 
each for one day, and 30% for two weeks). The cleared and stained phyllodes were 
examined using a hand lens. 
d) Epidermal conductance 
Epidermal conductance of the uppermost fully expanded phyllode from 
the top of four seedlings from each treatment was determined using the method 
of Sinclair and Ludlow (1986) . The phyllode was detached, its area determined 
using an electronic area meter and it was then supported on a hard paper mesh-
frame so that both surf aces were exposed to the air and placed on a balance 
(reading 0.1mg) in a constant temperature room (~30C) . The phyllode was 
illuminated with low intensity light to minimize weight loss due to respiration. 
A 60ml vial filled with dry silica gel was placed in each corner of the balance 
chamber and the door was closed tightly. Phyllode weights were recorded every 5 
minutes for up to 5 hours. 
The epidermal conductance was calculated from a plot of change in 
phyllode weight with time. The plot had 3 zones, the first zone being a rapid 
decline in weight loss, the second zone being a slow and linear decline and the 
third zone a slower and curvilinear decline in water loss. The slope of the slow 
and linear portion of the curve was used to calculate the epidermal conductance 
(ge) from the equation given by Sinclair and Ludlow (1986): 
ge = (.6FW / t) * A-1 * (e1 - eJ -1 
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· where 6FW is the change in fresh weight over time t. A is the phyllode 
area, and (e1 - e) is the gradient in absolute humidity betvveen the phyllode and 
the ambient air in the chamber of the balance. 
e) Gas-exchange 
Gas-exchange was measured with a closed infrared gas analysis system 
(Model LI-6200, LICOR Inc., Lincoln, NE., U.S.A.). Measurements were taken on 
the last fully expanded phyllode of four seedlings from each treatment. Gas-
exchange parameters including carbon assimilation rate, conductance and 
transpiration were measured on four replicates. Humidity in the chamber was 
maintained at between 38 and SOo/o and temperature between 18 and 2s0c. 
f) Pigment concentration 
One disc (50mm2 in area) was sampled from the centre of the last fully 
expanded phyllode of each of four seedlings in each treatment. The disc was 
immersed in 3ml of N,N-dimethylformamide (DMF) for two weeks in the dark. 
The solution was washed into a 5-ml measuring cylinder with DMF, and made 
up to a final volume of 5ml with DMF. 
The absorbances at 646.8 (A646 .8) and 663.8nm (A663.8) were determined 
using a Unicam SP 1800 ultraviolet spectrophotometer zeroed at 750nm and 
chlorophyll concentrations in mg 1-1 were calculated using the formulae of Porra 
et al. (1989). 
Chlorophyll a (mg 1-1) = 12.00A663.8 - 3.l 1A646.8 
Chlorophyll b (mg I-1) = 20.78A6-:16 .8 - 4.88A663.8 
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The results were then conver ed to pigment concen tration (PC) using 
the formula: 
PC (g m-2) = C (g 1-1) x sample volume (1) 
sample area (m2) 
3.4 Experiment 3 
3.4.1 Growth conditions 
Pretreated seed was sown, four per pot, directly into open ended p~astic 
pots 12cm in diameter and lm in length containing a sandy loam (2 parts loam: 1 
part sand). The tubes which had been halved lengthwise and then reconstituted 
with insulating tape were similar to those used by Awe et al. (1976) and Neave 
(1987). The bottom end of the tube was enclosed with nylon mesh tied firmly to 
the base with insulating tape to support the soil column. 
After germination the seedlings were thinned to two per tube and were 
grown in the glasshouse with adequate water (watered daily to field capacity) for 
two months. Water treatments were then imposed for three and half months. 
There were three treatments: 1. Daily watering to field capacity; 2. Complete 
withholding of water; 3. Water logging. The water logging treatment was applied 
by immersing the base of the tubes in a container of water to a depth of 40cm. 
Aquasol fertilizer was applied weekly three weeks after germination and no 
fertilizer was applied after application of treatment. The experiment was a 3 
(water) x 3(provenances) factorial with four replications. 
3.4.2 Measurements 
After three and half months of applying the treatments shoot height 
was measured, the pots were opened, the soil in the pots was removed at 20cm 
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r intervals with depth and the fresh and dry vveights of soil and of the roots in each 
soil segment were determined. Fresh and dry weights of the shoots were also 
obtained. Root allocation ratio was calculated as the ratio of root dry weight in 
the 0-40cm section to root dry weight in the 40-100cm section (Neave, 1987). 
3.5 Minor experiments 
3.5.1 Nitrogen and Phosphorus analysis 
The last fully expanded phyllode from each of the three seedlings in 
each treatment of Experiment 2 was sampled. Samples were digested using the 
Kjeldahl digestion to convert phosphorus to phosphate ions and nitrogen to 
ammonium ions. The phyllodes were oven dried for 24 hours and 300-500 grams 
of dry phyllodes were weighed and put into pyrex digestion tubes. 5ml of 
digestion acid (600grams of potassium sulphate in 2 litres of concentrated 
sulphuric acid) were added to each tube using a dispenser. The tubes were placed 
into a block digester in a fume hood and the digester was set on 2000c for 20 
minutes and 3700c for 40 minutes. The tubes were removed, cooled slightly and 
2ml of hydrogen peroxide added. The samples were reheated in the block digester 
and hydrogen peroxide added until the samples were digested (clear colour). The 
tubes were cooled and shaken on a Vortex shaker, simultaneously filling '\vith 
distilled water. The solution was cooled to room temperature and topped up to 
the 75ml mark with distilled water. Nitrogen was determined using the 
colorimetric method in vvhich an emerald-green colour was formed by the 
reaction of ammonia, sodium nitroprusside and sodium hypochlorite in a 
buffered akaline medium at a pH of 12.8-13.0. The ammonia complex was read at 
660nm absorbance. Phosphorus determination was based on the colorimetric 
method in which a blue colour was formed by the reaction of ortho phosphate 
and molybdate ion followed by reduction vvith ascorbic acid at an acidic pH. The 
40 
r phosphomolybdenum com plex was read at 880nm abso rbance. The nitrogen and 
phosphorus concentra tions in par ts per million (ppm) were calculated us ing a 
computer program of Dr. M. Tan ton of Depar tment of Forestry, Australian 
N ational University. 
3.5.2 Soil moisture content to death of seedlings 
Seedlings (both well-watered and wa ter s tressed) from Experiment 1 
were watered to field capacity on 19 March, 1990 after which all watering ceased. 
Pots were weighed daily until the seedlings died. At death, the soil was removed 
from the pots and its fresh and dry weights were determined in order to calculate 
soil moisture content at seedling death. 
3.6 Data analyses 
All data were analysed by two-factor analyses of variance to determine 
the main effects of provenance and water treatments as well as their interaction. 
Before analysis, all measured count data were transformed by square root 
transformation and the percentage data by angular transformation. For 
comparison of means, the least significant difference (LSD) test (Steel and Torrie, 
1980) was used. Regression models were also derived. 
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RESULTS AND DISCUSSION 
4. 1 GROWTH OF SEEDLINGS IN SMALL POTS 
• 
4.1.1 Height and diameter growth 
Height growth of the control seedlings of A. cowleana and A. 
holosericea high rainfall provenance (HR) was similar over the experimental 
period, and the height growth of both was significantly greater than in seedlings 
of the A. holosericea low rainfall provenance (LR) (Fig. 4.1, Appendix 1 (i)) . Water 
stress reduced height growth in all species within four weeks of the stress being 
I· applied and at the end of the experimental period, ten weeks after stress was 
applied, height growth in the stressed seedlings was reduced by 60% in A. 
cowleana seedlings, 46% in A. holosericea (LR) seedlings and 54% in A. 
holosericea (HR) seedlings. At the end of the experimental period, stressed 
seedlings of A. holosericea (HR) were significantly taller than those of A. 
holosericea (LR) with stressed seedlings of A. cowleana occupying an intermediate 
position. However, the significant interaction between provenance and water 
stress indicated that the A. holosericea (LR) seedlings were less affected by water 
stress than the other seedlings. 
42 
1· 
I A. coH-·Jeono 
contra l 
45 ----•---· stressed 
40 
35 
30 
25 
20 
15 
10 
5 
... , 
... 
_.,-I 
., _., 
... -... !-
:t---"'" 
.,., 1 
0 -+------------------.--~ 
0 2 4 6 8 1 0 12 
Stress period in veeks 
A. holosericeo (IIR) 
50 ----------------------~ 
control 
45 ----•---· stressed 
40 
35 
30 
25 
20 
15 
10 
5 
, 
..... r 
....... 
_..,.,r 
-., 
...... 
... 
.. --I 
0 ---------------------.....--.----.-
45 
40 
35 
30 
25 
20 
15 
1 0 
5 
A. /Joloserjceo (LR) 
contra l 
----•---· s1ressed 
:i:;..,--"" 
_,--'1 
... -~ ... -
... -... 
--I 
0 -+--------..-------,.-----1 
0 2 4 6 8 10 12 
Stress period in weeks 
Figure 4.1. Effect of water stress on height 
growth. Vertical bars show the 
standard error of the mean , 
0 2 4 6 8 1 0 12 
Stress period in veeks 
43 
• 
Stem diameter did not vary significantly between provenances. At ten 
weeks of stress the stem diameters of the well-watered seedlings of A. cowleana, 
A. holosericea (LR) and A. holosericea (HR) vvere 6.63, 6.79 and 7.29 cm, 
respectively. Stem diameter was significantly reduced by water stress (P <0.001). 
After ten weeks of stress the stem diameter of the stressed seedlings of A. 
cowleana, A. holosericea (LR) and A. holosericea (HR) was 4.73, 4.29 and 4.21 an 
respectively. Water stress reduced stem diameter by 28.7, 36.8 and 42.2% in A. 
cowleana, A. holosericea (LR) and A. holosericea (HR), respectively. 
4.1.2 Leaf area 
The leaf area of the well-watered seedlings of A. holosericea (HR) was 
significantly larger (P < 0.001) than that of the other provenances (Fig. 4.2, 
Appendix 1 (ii)). Between the first and the last stress periods the leaf area of the 
well-watered seedlings increased by 691, 620.9 and 888.7 cm2 in A. cowleana, A. 
holosericea (LR) and A. holosericea (HR), respectively. Leaf area was significantly 
reduced by water stress (P < 0.001) in all provenances beginning two weeks after 
application of stress and leaf area differed less between provenances in stressed 
seedlings than in the well-watered control seedlings. Nevertheless stressed 
seedlings of A. holosericea (HR) maintained the highest leaf area, and leaf area in 
these seedlings continued to increase throughout the stress period. Between the 
first and the last stress periods leaf area of the stressed seedlings was increased by 
61.3, 65.4, and 163.4 cm2 in A. cowleana, A. holosericea (LR) and A. holosericea 
(HR), respectively, and after ten weeks of stress the leaf area of the stressed 
seedlings of A. holosericea (HR) was 353.8 cm2 
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while that of A. cowleana was 207.1 cm2 and that of A . holosericea (LR) was 
175.1 on2. Water stress reduced leaf area by 76.5o/o in A. cowleana, by 77.3% in A. 
holosericea (LR) and 71.9% in A. holosericea (HR). 
The average area per leaf in well-watered seedlings after ten weeks of 
application of treatment was 17.8, 39.9 and 50.9 cm2 and that of the stressed 
seedlings was 14.5, 21.9 and 35.4 cm2 in A. cowleana, A. holosericea (LR) and A. 
holosericea (HR). 
4.1.3 Number of leaves 
Well-watered seedlings of A. cowleana produced significantly more (P 
< 0.001) leaves than A. holosericea (HR) seedlings which in turn produced 
significantly more leaves than A. holosericea (LR) seedlings (Fig. 4.3, Appendix 1 
(iii)). After ten weeks the number of leaves of the well-watered seedlings of A. 
cowleana, A. holosericea (LR) and A. holosericea (HR) were 49.7, 19.3 and 24.7, 
respectively. Leaf number was reduced significantly (P < 0.001) by water stress in 
all seedlings with the leaves of A. cowleana seedlings being reduced by 71 o/o 
compared with only 59% and 60% in A. holosericea (LR) and A. holosericea (HR) 
seedlings, respectively. New leaves continued to be produced at a very slow rate 
up to seven weeks after application of stress with A. cowleana producing on 
average 6.3 leaves, A. holosericea (LR) 2.6 leaves, and A. holosericea (HR) 0.7 
leaves in that time. 
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In weeks seven to ten under stress A. cowleana seedlings lost, on 
average, 1.7 leaves, A. holosericea (LR) 1.3 leaves, and A. holosericea CHR) gained 
2 leaves. These differences between seedlings were significant (WxP interaction, P 
< 0.001). 
4.1.4 Biomass 
In the well-watered seedlings, A. holosericea (HR) developed more 
leaf, stern, shoot and total dry weights compared to the other two provenances 
(Fig. 4.4-4.6, 4.8; Plate 4.1; Appendix 1 (iv-vi, viii). Root dry weights did not differ 
in well-watered seedlings of all provenances (Fig. 4.7, Appendix 1 (vii)). Water 
stress significantly reduced the dry weights of all components. The water stress x 
provenance interaction was significant for all components except the leaf and the 
root dry weights due to some components being reduced more by water stress in 
some provenances than in others. Percentage reductions in stern dry weight in A. 
cowleana, A. holosericea (LR) and A. holosericea (HR) were 67, 75 and 80%, 
respectively; in shoots, 75, 77 and 74%; and in total dry weight, 70, 72 and 69%. 
In general, well-watered A. cowleana and A. holosericea (LR) 
seedlings had a greater leaf dry weight per unit leaf area (specific leaf weight, 
SLW) than A. holosericea (HR) seedlings and at ten weeks the SLWs of the well-
watered seedlings of A. cowleana, A. holosericea (LR) and A. holosericea (HR) 
were 15.6, 15.2 and 14.3 mg/ cm2 respectively. Specific leaf weights after ten weeks 
of water stress were unchanged in the A . holosericea provenances but increased to 
16.8 in A. cowleana seedlings. 
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A. holosericea (HR) A. cowleana A. holosericea (LR) 
A. holosericea (HR) A. cowleana A. holosericea (LR) 
Plat 4.1. Provenance variations in size of seedlings and effect of water 
stress on seedling growth (control seedlings top and stressed bottom) . 
5 4 
The relationship between leaf area and leaf dry ,veight indicates that 
leaf dry weight per unit area increases \Vith seedling size in the well-watered 
seedlings, the increase being largest in A. holosericea (LR) seedlings (Table 4.1). 
The rate of increase in leaf weight with increasing leaf area was increased by water 
stress in A. cozvleana seedlings, remained constant in A. holosericea (LR) and 
decreased in A. holosericea (HR) seedlings. 
Table 4.1. Regression equations for leaf dry weight (W L) (grams) as a function of 
leaf area (LA) (crn2). 
Treatment Eguation R2 
A. cowleana 
control log10WL = -2.37 + 1.18 log10LA 0.95 
stressed log10WL = -2.97 + 1.46 log10LA 0.75 
A. holosericea (LR) 
control loglO W L = -3.13 + 1.43 log10LA 0.93 
stressed log10 W L = -3.01 + 1.37 log10LA 0.30 
A. holosericea (HR) 
control log10WL = -2.77 + 1.30 log10LA 0.98 
stressed log10WL = -2.22 + 0.91 log10LA 0.73 
The total seedling dry weights per unit leaf area in A. cowleana and A. 
holosericea (LR) seedlings were not significantly different but were significantly 
higher than that of A. holosericea (HR). At the last harvest the total dry weight 
per unit leaf area in the well-watered seedlings of A. cowleana, A. holosericea 
(LR) and A. holosericea (HR) was 25.7, 25.8 and 22.9 mg/ cm2, respectively. Total 
dry weight per unit leaf area was increased by water stress, being 32.3, 31.2 and 24.7 
mg/ cm2 in A. cowleana, A. holosericea (LR) and A. holosericea (HR), 
respectively. 
4.1.5 Root and Shoot Relationships 
A. holosericea (LR) seedlings had the highest root to shoot ratios in both 
the well-watered and the stressed seedlings (Fig. 4.9, and Appendix 1 (ix)). Root to 
shoot ratios were significantly increased by water stress in seedlings from all 
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provenances. The allometric relationship bet,veen root d ry ,.veight and shoot dry 
weight was highly significant fo r all provenances but the allometric constant 
differed between provenances and with water stress treatment. In the well-
watered seedlings, root growth was directly proportional to shoot growth (k = 1) in 
A. cowleana seedlings whereas root growth was proportionately less than shoot 
growth in seedlings of the other two provenances (k = 0.9). When exposed to 
water stress root growth increased relative to shoot growth (k > 1) in seedlings 
from all provenances but was largest in A. cowleana seedlings. 
Table 4.2. Regression equations for root dry weight (WR) (grams) as a function of 
shoot dry weight (W Sht) (grams). 
Treatment Equation R2 
A. cowleana 
control log10WR = -0.52 + 1.00 log10Wsht 0.91 
stressed log10WR = -0.49 + 1.26 log10Wsht 0.81 
A. holosericea (LR) 
control log10WR = -0.26 + 0.91 log10Wsht 0.93 
stressed log10WR = -0.24 + l.17 log10Wsht 0.92 
A. holosericea (HR) 
control log10WR = -0.48 + 0.89 log10Wsht 0.96 
stressed log10W R = -0.42 + l.12 log10Wsht 0.90 
56 
Q ,,.. 
... 
~ 
... 
... 
Q 
Q 
.c 
en 
I I 
... 
Q 
Q 
Cl: 
Q 
A. co1+·Jeono 
1 .0 -.---------------
0 .8 
0 .6 
0.4 
0 .2 
contra l 
----•---· stressed 
J,; 
,./I-------f ,---, /I 
0 .0 -+--r---.----r---r----.---..--..----.---.----.---.-~ 
0 2 4 6 8 10 12 
Stress period in Yeeks 
A. holoserjcetJ (JIR) 
1 .0 -,----------------, 
0 .8 
control 
----•---· s"tressed 
,,.. 
~ 0 .6 
Q ,,.. 
... ,., 
... 
... 
Q 
Q 
.c 
u, 
It 
.... 
Q 
Q 
0:: 
A. holoserjcetJ (LR) 
1 .0 ~--------------, 
0.8 
0 .6 
0.4 
0 .2 
con tr-o l 
----•--- · stressed 
0 .0 -;----,--.---,----,.---,-..---..---...---.---.---.-~ 
0 2 4 6 8 10 12 
Stress period in veeks 
... 
... 
Q 
Q 
.c 
en 1-,,, ---l--, --I Figure 4.9. Effect of water stress on root I I 
... 0.4 
Q 
Q 
ex 
0 .2 
; ., I 
_., 
0 .0 -+---.--.-""""'"T'"---r---r---..--.....--.--....----.---.---l 
0 2 4 6 8 10 12 
Stress period in veeks 
to shoot ratio. Vertical bars show 
the standard error of the mean. 
57 
4.1.6 Distribution of biomass be , veen seedling componen ts. 
The partitioning of dry matter bet,veen the several components of the 
seedlings (Figure 4.10-4.11) shows that the largest proportion of dry weight in the 
well-watered seedlings in all provenances vvas contained in the leaves. At the 
final harvest, leaves contained about 60o/o of dry matter in the well-watered 
seedlings. Water stress reduced the proportion of dry matter in the leaves in 
seedlings of all provenances but in all cases, leaves still represented 50% or more 
of the total dry matter. A. holosericea (HR) seedlings maintained a slightly higher 
proportion of dry matter in the leaves under water stress than seedlings of the 
other two provenances. Stem weight in the well-watered seedlings represented 
from 20% of the dry weight in A. holosericea (HR) seedlings to about 10% in A. 
holosericea (LR) seedlings. Water stress had a negligible effect on the proportion 
of dry matter allocated to the stems except in A. holosericea (HR) seedlings in 
· which stem dry weight decreased from 20% to 10%. At the final harvest, root dry 
weight as a proportion of total dry weight in the well-watered seedlings was 
highest in A. holosericea (LR) seedlings at about 30% followed by A. cowleana and 
A. holosericea (HR) seedlings (ca. 20%). Water stress increased the proportion of 
dry matter in the roots by about 10% in all seedlings. 
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Figure 4.11. Effect of water stress on stem and root dry weights as °lo of total 
seedling dry weight . Vertical bars show the standard error of the mean. 
4.1.7 Pigment concentrations 
Provenances differed significantly in chlorophyll a and b concentrations 
and in chlorophyll a and b ratio (Table 4.3). In the vvell-watered seedlings the 
chlorophyll a and b concentrations were lower in A. holosericea (HR) seedlings 
than in seedlings from the other tvvo provenances and the reverse was true for 
the chlorophyll a and b ratio. The phyllodes of the well watered seedlings of A. 
holosericea (HR) had a light yellow green colour while those of the other 
provenances had a darker green colour. 
Table 4.3. Pigment concentrations (g.m-2)as affected by water stress and provenances. 
Water Treatment 
Ca Cb Ca:Cb 
--------- --------- ---------------Provenance C s C s C s 
A. cowleana 0.81c l.13ab 0.26c 0.40b 3.17bc 2.88c 
A. holosericea (LR) 0.86bc 1.40a 0.27bc 0.66a 3.20bc 2.13d 
A. holosericea (HR) 0.27d 0.76c 0.06d 0.22c 5.00a 3.67b 
Analysis of variance 
W P < 0.001 W P < 0.001 W P<0.001 
P P < 0.001 P P < 0.001 P P < 0.001 
WxP NS WxP NS WxP NS 
6 1 
Ca= chlorophyll a; Cb=chlorophyll b. C, S, LR, HR = Control treatment, water stress treatment, low 
rainfall, high rainfall, respectively and W, P in analysis of variance= water treatment and 
provenances. Means within each stress period followed by the same letter do not differ significantly at 
0.05 level (L.S.D-test); means can be compared in all directions within each chlorophyll factor. 
Water stress significantly increased chlorophyll a concentrations the 
increase being largest in A. holosericea (HR) seedlings (180%), intermediate in A. 
holosericea (LR) seedlings (64o/o) and smallest in A. cowleana seedlings (40%). 
Water stress also increased the chlorophyll b concentrations in all provenances 
being largest in A. holosericea (HR) seedlings (292%), intermediate in A. 
holosericea (LR) seedlings (140%) and sn1allest in A. cowleana seedlings (56%). 
The ratio of chlorophyll a and b vvas decreased by water stress because of the 
greater increase in chlorophyll b relative to chlorophyll a. The chlorophyll a and b 
concentrations of the stressed seedlings 1,,vere largest in A. holosericea (LR), 
intermediate in A. cowleana and smallest in A. holosericea (HR) seedlings and 
the ratio of the chlorophyll a and b was highest in A. holosericea (HR) 
intermediate in A. cowleana and lowest in A. holosericea (LR) seedlings. 
4.1.8 Gas-Exchange Characteristics 
• 
Stomata! conductance and gas-exchange were too low to be measured in 
the water stressed seedlings and hence the results reported here are for the well-
watered seedlings only. A. holosericea (HR) seedlings had significantly higher 
stomata! conductance (g) than seedlings from the other two provenances and also 
had consistently larger assimilation rates (A), transpiration rates (E) and 
intercellular CO2 concentrations (Ci:Ca) (Table 4.4). However none of these 
differences were significant statistically. A. cowleana seedlings had consistently 
lower values in each of these parameters. Water use efficiency (TE) on average did 
not differ between provenances. In all the provenances assimilation rates were 
related positively to stomata! conductance and there was a tendency for A. 
holosericea (HR) seedlings to maintain larger stomata! conductance and 
assimilation rates (Fig. 4.12 (a)). Although, on average, water use efficiency did not 
differ between provenances there was a tendency in the well-watered seedlings of 
A. holosericea (HR) to maintain higher water use efficiencies at higher stomata! 
conductance (Fig. 4.12 (b)). 
Table 4.4. Provenance variations in carbon assimilation rate(A; µ mol m-2 s-1 ), stomata! conductance 
(g; mol rn-2 s-1 ), transpiration (E; m mo! m-2 s-1 ), ratio of the intercellular carbon (Ci) to ambient 
carbon (Ca) and water use efficiency (TE; µm mol CO2/ m mol H20). Standard errors of the means are 
in brackets. 
Provenance A g 
A. cowleana 3.2(0.60) 0.04(0.008) 
A. holosericea (LR) 4.6(0.84) 0.07(0.022) 
A. holosericea (HR) 5.6(0.87) 0.11 (0.026) 
E 
0.60(0.143) 
0.93(0.286) 
1.21(0.273) 
Ci:Ca 
0.59(0.029) 
0.64(0.053) 
0.68(0.061) 
TE 
5.8(0.69) 
6.5(0.95) 
5.8(0 .93) 
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4.1 .9 Nitrogen and phospl orus concen trations 
No significant difference bet,veen provenances and treatments in 
nitrogen content in phyllodes were detected (Table 4.5) but A. holosericea (HR) 
tended to have higher nitrogen contents, A. holosericea (LR) intermediate and A. 
cowleana least in seedlings under both the treatments. However both provenance 
and treatment effects were significant in phosphorus content of the phyllodes. In 
the well-watered seedlings, phosphorus content in the phyllodes was highest in 
A. holosericea (HR), intermediate in A. holosericea (LR) and least in A. cowleana 
but in the stressed seedlings there were no significant differences. Water stress 
reduced phosphorus content in seedlings of both provenances of A. holosericea. 
Table 4.5. Nitrogen and phosphorus concentrations of phyllodes (parts per thousand on a dry weight 
basis) as affected by water stress and provenances. 
Water Treatment 
Nitrogen Phosphorus 
Provenance C s C s 
A. cowleana 6.00 8.00 1.06c 0.98c 
A. holosericea (LR) 8.36 11.20 1.55b 0.92c 
A. holosericea (HR) 11.71 13.60 1.94a 1.05c 
Analysis of variance 
w NS w P < 0.01 
p NS p P <0.05 
WxP NS WxP NS 
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C, S, LR, HR = Control treatment, water stress treatment, low rainfall, high rainfall, respectively and 
W, P in analysis of variance= water treatment and provenances. Means within each stress period 
followed by the same letter do not differ significantly at 0.05 level (L.S.D-test); means can be 
compared in all directions within nutrient fa ctor. 
4.1.10 Discussion 
Growth of seedlings differed betvveen provenances with A. holosericea 
(HR) seedlings overall being largest in shoot height, diameter, leaf area and shoot 
dry weight in both the well-watered and vvater stress treatments. A. holosericea 
(LR) seedlings in general showed the poorest growth. Intrinsic growth rates are 
frequently associated with variations in drought tolerance with more drought 
tolerant species often having lower growth rates even under favourable 
conditions (Bachelard, 1986a; Myers and Landsberg, 1989; Parsons, 1969; Yang et 
al., 1988). These differences are probably determined genetically and at the cellular 
level. Bressan et al. (1987) found that reduced growth was a genetically stable 
character in salt adapted cells and the character was expressed both in the presence 
and absence of NaCl. Slow growth may be advantageous to the survival of 
seedlings under water stress since it would reduce the depletion of soil water 
when the amount of water is limited so prolonging survival possibly until the 
onset of the next rains. 
Water stress significantly reduced growth of A. cowleana, A. holosericea 
(LR) and A. holosericea (HR) seedlings. Many studies have shown a similar 
responses of seedlings to water stress (Becker et al., 1987; Myers and Landsberg, 
1989; Seiler and Johnson, 1985; Seiler and Johnson, 1988; Tibbits and Bachelard, 
1981; Yang et al., 1988). The reduction in growth due to water stress may be 
attributed to reduction in cell expansion (Hsiao, 1973; Street and Opik, 1984) and 
reduction in plant metabolism and physiology ( Kriedemann and Downton, 1981; 
Teskey et al., 1986; Turner and Begg, 1981). Leaves formed the largest proportion 
of total dry weight and hence the reduction in leaf area is mainly responsible for 
the loss of biomass in the seedlings. Hsiao (1973), and Mazzoleni and Dickmann 
(1988) state that leaf growth is the first growth process to be affected by a decrease 
in water potential and Boyer (1970) found that as leaf water potential decreased 
leaf enlargement was severely inhibited before photosynthesis and respiration 
were affected. Leaf area may be reduced by reductions in leaf initiation and leaf 
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expansion, and an increase in leaf shedding under \Vater stress (Kelliher and 
Tauer, 1980). In this study leaf area vvas reduced by \vater stress in seedlings from 
all three provenances but the effect \-vas least in A . holosericea (HR) seedlings 
which retained almost twice the leaf area of seedlings from the other two 
provenances at the end of the last stress period. In the well-watered seedlings, A. 
cowleana had more (2 to 3 times) but smaller leaves than seedlings from the other 
two provenances and, under water stress, reduction in leaf number was greater in 
A. cowleana seedlings (71 %) than in seedlings from the other two provenances 
(60%). The differences were due both to a reduction in leaf initiation but also to 
leaf shedding in A. cowleana and A. holosericea (LR) seedlings. It was noted that 
stressed seedlings of A. holosericea (HR) were quicker to respond to periodic 
rewaterings. These results indicate that A. cozuleana and A. holosericea (LR) 
seedlings were more sensitive than A. holosericea (HR) seedlings to the water 
stress applied in this study. Seedlings \-vith a large leaf area, as in A. holosericea 
(HR) seedlings, would remove available water from a drying soil more rapidly to 
satisfy the evaporative demand on their leaves. According to Kelliher and Tauner 
(1980) the smaller leaf area found in provenances from the dry zones may indicate 
that these provenances are adapted to water stress by maintaining a more 
favourable water balance for growth than wet zone provenances. 
Water stress reduced root growth but to a lesser extent than reduction in 
shoot growth, causing the root to shoot ratio to increase. Similar findings have 
been reported commonly in other species ( Awe; 1973; Bachelard, 1986a; Kramer 
and Kozlowski, 1979; Tibbits and Bachelard, 1981; Yang et al., 1988) although 
Seiler and Johnson (1988) found that water stress reduced root growth more than 
shoot growth in Pinus taeda leading to a lower root to shoot ratio in stressed 
seedlings. This response was attributed to root tips becoming quiescent in 
response to water stress and failing to elongate after rewatering. At the final 
harvest the root:shoot ratio was largest in A. holosericea (LR) seedlings and least 
in A. holosericea (HR) seedlings. The allometric relationship between shoot and 
root growth shows that while root growth increased relative to shoot growth in 
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stressed seedlings from all provenances the increase vvas largest in A. cowleana 
seedlings. An increase in root gro\vth relat·ve to shoot gro\vth could be expected 
to increase the ability of a p lant to \Vithstand \vater stress since it increases the 
ability of the plant to absorb available water and to reduce water loss from the 
shoot. Even in the control seedlings, A. holosericea (LR) had the highest 
root:shoot ratios and A. holosericea (HR) the least suggesting that intrinsically 
there are differences between provenances in the proportion of dry matter 
allocated to the roots relative to the shoots. 
Total dry weight per unit leaf area indicates the efficiency in utilizing 
photosynthetically-active radiation energy (Myers and Landsberg, 1989). A. 
cowleana and A. holosericea (LR) produced more total dry weight per unit leaf 
area, particularly in the water stressed seedlings, indicating higher photosynthetic 
efficiencies in these seedlings. 
In well-watered seedlings, stomatal conductance, transpiration rate, 
Ci/Ca, and carbon dioxide assin1ilation were all largest in A. holosericea (HR) 
seedlings. This is consistent with the higher growth rates found in seedlings of 
this provenance. However, in the water-stressed seedlings stomata! conductances 
and assimilation rates were too lovv for these parameters to be measured. Low gas-
exchange rates have been suggested to be an adaptative attribute to drought stress 
in Pseudotsuga provenances (Zavitowski and Ferrel, 1970). This may also apply in 
A. holosericea (LR) and A. cowleana provenances. The assimilation rates 
observed in this experiment (range: 3.2 to 5.6 µ mol m-2 s-1 ) were lower than those 
observed in other species under well-watered conditions. For example, Crawford 
(1985) found that the assimilation rates of three eucalypt provenances ranged 
from 6.9 to 8.4 µ mol m-2 s-1 and greater than 10 µ mol m-2 s-1 was measured on 
Pinus ponderosa at high water potential (De Lucia and Heckathorn (1989). Stems 
of seedlings in this study were green and Hubick (pers. comm.) believes that some 
carbon exchange may also be taking place in these stems. 
Photosynthesis is a complex series of reactions which facilitate the 
transduction of light energy into chen1ical energy (ATP and NADPH) and the 
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utilisation of this for the reduction of CO2 to carbohydrates. Chlorophyll is the 
light absorbing pigment in the photosynthetic process and chlorophyll a and b are 
the most important pigments . Plan ts have tvvo light harvesting centres 
(Photosystem I (PSI) and Photosystem II (PSII)) each with its own pigment system. 
PSI contains chlorophyll a and PSII contains both chlorophyll a and b (Edwards 
and Walker, 1983). PSII is the major light harvesting system and is able to transfer 
absorbed energy to PSI. The chlorophyll a/b ratio may reflect the relative size of 
the two systems. Reductions in this ratio represent an increase in PSII which 
increases the plant's light harvesting efficiency (Alberte et al., 1976). Pigment 
concentrations calculated on a leaf area basis were much lower in well-watered in 
A. holosericea (HR) seedlings compared to the seedlings from the other two 
provenances (Table 4.3). This may be due to the fact that the leaves of A. 
holosericea (HR) seedlings were thinner (lower specific leaf weight). Also the 
leaves of A. cowleana and A. holosericea (LR) seedlings were held more vertically 
than those from A. holosericea (HR). The more vertical orientation would have 
reduced light interception and could have promoted formation of chlorophyll. 
Very bright light is known to cause a net decomposition of chlorophyll and a 
relatively low intensity promotes formation of chlorophyll (Kramer and 
Kozlowski, 1979). Differences in pigment concentrations may also be due to 
differences in the activity of specific enzymes which are responsible for the 
synthesis of the green pigments. Chlorophyll concentrations in the well-watered 
seedlings were, howeve'r, inversely correlated with photosynthetic rates. 
Anderson (1967) also found no relationship between chlorophyll content and 
photosynthetic rates when he reported no variation in photosynthetic rates over a 
range of leaf colour and according to Aberte et al. (1976) the number and size of 
the photosynthetic units may be as important as the amount of chlorophyll. 
Water stress significantly increased chlorophyll a and b concentrations and 
reduced the chlorophyll a/b ratio (Table 4.3) in all provenances. An increase in 
the efficiency arising from these high pigment concentrations may have enabled 
the seedlings to maintain root growth while shoot growth was reduced hence 
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higher root/shoot ratio in the stressed seedl"ngs. An increase in chlorophyll 
concentrations due to water stress has a so been observed in Eucalyptus 
camaldulensis seedlings from the Petford and Tennant creek provenances but not 
from Katherine provenance (Gibson pers. comm.). She has suggested that the 
accumulation of chlorophyll in plants under stress may be an adaptation to water 
stress and enable seedlings to respond rapidly to water availability. The increase in 
chlorophyll in stressed leaves could have resulted from remobilization of 
nutrients from senesced leaves on the plant, thereby promoting chlorophyll 
synthesis, as suggested by Edwards et al. (1990) in leaves of Pinus taeda exposed to 
ozone. Other studies, however, have reported water stress to have no effect (Yang, 
1987) or to decrease the pigment concentration (Crawford, 1985). 
Nitrogen content was similar in all three provenances and was 
unaffected by water stress vvhile phosphorus content differed between 
provenances and treatments. In the well-watered seedlings phosphorus content 
was highest in A. holosericea (HRt intermediate in A. holosericea (LR) and least 
A. cowleana but there was no provenance differences in the stressed seedlings. 
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4.2 GROWTH OF SEEDLINGS IN LONG POTS 
Analyses of variance of growth factors of seedlings grown in lm long 
tubes are summarised in Table 4.6. Nfeasured factors other than soil moisture 
contents and root allocation ratio shovved significant differences between 
treatments and provenances. Interactions between provenances and treatments 
were significant for most of the factors mainly because seedlings from different 
provenances responded differently to vvell-watered and stressed treatments. Root 
depth was not assessed because roots of all the well-watered and stressed 
treatments had reached the bottom of the pot. 
Table 4.6. Summary of analysis of variance.*** = P < 0.001; ** = P < 0.01; * = P < 0.05 and NS= not 
significant. 
Factor Provenance Treatment Interaction 
Shoot height *** *** * 
Total seedling dry weight *** *** * ... 
Shoot dry weight *** *** ** 
Phyllode dry weight *** *** ** 
Pinnule dry weight *** *** *** 
Stem dry weight *** *** ** 
Shoot moisture content ** *** ** 
Shoot water potential ** *** *** 
Mean soil moisture content NS *** * 
Soil moisture content 0-20cm NS *** NS 
Soil moisture content 20-40cm NS *** NS 
Soil moisture content 40-60cm NS *** NS 
Soil moisture content 60-80cm NS *** * 
Soil moisture content 80-100cm NS *** * 
Root dry weight *** *** NS 
Root dry weight 0-20cm *** *** ** 
Root dry weight 20-40cm *** *** ** 
Root dry weight 40-60cm ** *** ** 
Root dry weight 60-80cm ** *** * 
Root dry weight 80-100cm ** *** NS 
Root allocation ratio NS *** NS 
Root:Shoot ratio *** *** NS 
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4.2.1 Water potential, shoot moisture content and soil moisture 
content. 
Highly significant (P < 0.01) provenance differences 1vvere found in 
predawn water potent.al and shoot moisture content (Table 4.6 and 4.7). There 
was no difference between provenances in the predawn water potential and 
shoot moisture content under flooded and well-watered conditions but both 
provenances of A. holosericea had a much lower water potential in the stressed 
seedlings (< -3.00MPa) compared to A. cowleana seedlings (-0.37MPa), indicating 
that seedlings of the former provenances were under more severe stress. Also at 
harvest, stressed seedlings of the t,vo A. holosericea provenances were more 
severely wilted and had lower shoot moisture contents (53%) than A. cowleana 
seedlings (69%). Table 4.17 shows that water content of pinnules of the stressed 
seedlings was lowest in A. holosericea seedlings and highest in A. cowleana. 
Table 4.7. Water potential (MPa) and shoot moisture content (%) under three water treatments. n=4. 
Provenance Treatment Water Shoot Phyllode Pinnule Stem 
po ten ti a I moisture moisture moisture moisture 
content content content content 
A. cowleana 
flooded to 40cm -0.35 75.0 76.4 76.6 68.2 
watered daily -0.34 75.0 77.0 73.6 68.3-
water stress -0.37 68.7 70.4 71.8 60.0 
A. holosericea (LR) 
flooded to 40cm -0.28 71.4 73.0 75.6 62.9 
watered daily -0.26 76.9 77.7 76.9 72.4 
water stress <-3.00 52.9 55.0 46.S 49.6 
A. holosericea (HR) 
flooded to 40cm -0.27 71.3 71.8 73.3 68.5 
watered daily -0.30 73.1 74.0 71.6 68.8 
water stress <-3.00 53.0 53.7 28.8 51.1 , 
At harvest, soil in the stressed treatment was very hard and dry, and 
the mean soil moisture content was significantly lower than in the well-watered 
and flooded treatments in all provenances (Table 4.6 and 4.8). Provenance did 
not affect the mean soil moisture content but there was a significant provenance 
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x mean soil moisture content interaction due to pots of A. holosericea (LR) 
having the highest soil moisture content in the flooded treatment and A. 
cowleana having a high soil moisture content in the stressed treatment 
particularly at the lower soil levels. The patterns of soil moisture content down 
the soil profile were similar for all provenances (Table 4.8). In the flood 
treatment, the maximum soil moisture (16-22o/a) was obtained in the waterlogged 
section (60-100cm), followed by the section above the water table (40-60cm) (11 %). 
Above 40cm the soil moisture content dropped sharply to about 4% in the 20-
40cm section and to 1.5% at 0-20cm indicating that the level of capillary rise in 
the flooded treatment was approximately 40cm. In the well-watered treatment, 
there was a slight and uniform increase in soil moisture content down the soil 
profile (from 6-7% at the top to 12o/a at the bottom). In the stressed treatment, 
there was a uniform distribution of soil moisture content down the profile in the 
pots of both the A. holosericea provenances but in A. cowleana there was an 
increase in soil moisture content in the 60-lOOcm section. 
Table 4.8. Mean soil moisture content % and soil moisture content % down the 1m soil profile. 
Provenance Treatment Mean 0-20cm 20-40cm 40-60cm 60-80cm 80-100cm 
A. cowleana 
flooded to 40cm 10.0 1.6 5.2 10.1 16.0 17.1 
watered daily 10.0 7.4 8.2 9.9 11.7 12.9 
water stress 1.2 0.4 0.4 0.2 2.0 2.7 
A. holosericea (LR) 
flooded to 40cm 12.2 1.7 3.9 12.0 21.3 22.0 
watered daily 9.2 6.3 7.8 10.1 10.3 11.5 
water stress 0.8 0.7 0.8 0.9 0.3 1.2 
A. holosericea (HR) 
flooded to 40cm 9.9 0.9 2.4 11.1 18.2 17.0 
watered daily 9.5 6.5 8.2 10.9 10.1 11.7 
water stress 0.8 0.5 0.5 1.3 0.7 0.9 
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4.2.2 Shoot height 
Provenances differed significantly in shoot height (P < 0.001) with A. 
holosericea (LR) seedlings being taller than those from the other two 
provenances in the flooded and the vvell-watered treatments; in the stressed 
treatment, height of A. holosericea (LR) and A. cowleana seedlings were not 
significantly different and the height of both was significantly greater than in the 
seedlings of A. holosericea (HR) (Fig. 4.13, Table 4.9). 
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Fig. 4.13. Effect of water treatments on height. Provenance 1 = A. 
cowleana; 2 = A. holosericea (LR) and 3 = A. holosericea (HR). 
Vertical bars sho,v the standard error of the mean. 
Treatment differences in height were significant (P < 0.001) with 
seedlings under the flooded treatment being the tallest in all provenances. In 
both the two A. holosericea provenances the well-watered seedlings were taller 
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than the stressed seedlings. In contrast, stressed seedlings of A. cowleana were 
taller than the well-watered ones. 
4.2.3 Seedling dry weight 
Provenances differed in the total seedling dry weight (P < 0.001) with 
A. cowleana seedlings being the smallest both in the flooded and well-watered 
treatments (Fig. 4.14). In the well-watered trea trnen t, A. holosericea (LR) had the 
largest seedling dry weight (2.12 g), and in the stressed treatment seedlings from 
all provenances produced similar dry weights (Fig. 4.14, Table 4.9. 
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Fig. 4.14. Effect of water treatments on total seedling dry weight. 
Provenance 1 = A. cowleann; 2 = A. holosericea (LR) and 3 = A. 
holosericea (HR). Vertical bars show the standard error of the 
mean. 
Water stress increased seedling dry weight relative to the control in A. 
cowleana seedlings, reduced it in A. holosericea (LR) seedlings, and had no effect 
in A. holosericea (HR) seedlings. 
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4.2.4 Shoot dry weigh t 
As with total seedling dr y vveight A . cowleana seed ings had 
significantly (P < 0.001) less shoot dry w eight than the other two provenances in 
flooded and well-watered conditions (Fig. 4.15) but grew as well as seedlings from 
the other two provenances when exposed to water stress. In the well-watered 
treatment, A. holosericea (LR) had the largest shoot dry weight but A. holosericea 
(HR) seedlings grew as well as those from the A. holosericea (LR) provenance in 
the flooded treatment. 
Table 4.9. Comparison of means for height, dry weight of root and shoot material, root:shoot ratio 
and root allocation ratio under three water treatments. Means under the same attribute can be 
compared using the L.S.D .. n=4. Rt= root; sht = shoot, allo = allocation. 
Provenance Treatment Height Rootdry Shoot dry Total dry Rt:sht Rt allo 
(cm) weight (g) weight (g) weight (g) ratio ratio 
A. cowleana 
flooded to 40cm 16.0 0.43 0.86 1.29 0.50 1.84 
watered daily 8.4 0.15 0.30 0.44 0.48 0.96 
water stress 12.3 0.68 0.76 1.43 0.87 0.79 
A. holosericea (LR) 
flooded to 40cm 21.6 0.89 1.74 2.62 0.51 1.76 
watered daily 13.8 0.74 1.38 2.12 0.55 1.03 
water stress 12.6 0.80 0.73 1.52 1.10 0.46 
A. holosericea (HR) 
flooded to 40cm 18.3 0.70 1.84 2.55 0.37 1.31 
watered daily 11.0 0.40 0.93 1.33 0.44 0.98 
water stress 9.9 0.73 0.92 1.65 0.82 0.67 
L.S.D 1.24 0.11 0.20 0.29 0.07 0.22 
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Fig. 4.15. Effect of water treatments on shoot dry weight. 
Provenance 1 = A. cowleana; 2 = A. holosericea (LR) and 3 = A. 
holosericea (HR). Vertical bars show the standard error of the 
mean. 
4.2.5 Distribution of dry weight between shoot components 
Table 4.10 shows that phyllodes formed the largest proportion of shoot 
dry weight in seedlings from all provenances (57-76%) followed by stems (15-
27o/o) and then pinnules (5-18%). The proportion of dry weight in phyllodes was 
largest in A. holosericea (HR) (74-76%) followed by A. cowleana (61-73 %) and 
least in A. holosericea (LR) seedlings (57-70%). The proportion of dry weight in 
pinnules and stem were generally higher in A. holosericea (LR). The proportion 
of dry weight in phyllodes was unaffected by treatrnent in A. holosericea (HR) 
seedlings, but was highest in the well-watered treatment in A. holosericea (LR) 
seedlings, and highest in the flooded treatment in A. cowleana seedlings. The 
proportion of dry weight in the pinn ules was markedly reduced by water stress 
and flooding in both A. cowleana and A. holosericea (HR) seedlings but was 
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relatively unaffected by treatment in A. holosericea (LR) seedlings. The 
proportion of dry weight in the stem vvas unaffected by 1.vater treatments in A. 
cowleana seedlings but was lower in the vvell-vvatered seedlings in both the two 
A. holosericea provenances. 
Table 4.10 Distribution of dry weight of shoot and shoot components (g) and shoot components as a 
percentage of total. 
Provenance Treatment Shoot dry Phyllode dry Pinnule dry Stern dry 
weight weight weight weight 
A. cowleana 
flooded to 40cm 0.86 0.63 0.05 0.18 
100% 73 5 22 
watered daily 0.30 0.19 0.05 0.06 
100% 61 18 21 
water stress 0.76 0.514 0.07 0.17 
100% 68 9 23 
A. holosericea (LR) 
flooded to 40cm 1.74 0.99 0.28 0.48 
100% 57 16 27 
watered daily 1.38 0.97 0.19 0.21 
100% 70 14 16 
water stress 0.73 0.49 0.08 0.20 
100% 61 12 27 
A. holosericea (HR) 
flooded to 40cm 1.84 1.35 0.13 0.36 
100% 74 7 19 
watered daily 0.93 0.70 0.09 0.14 
100% 75 10 15 
water stress 0.92 0.70 0.04 0.17 
100% 76 5 19 
4.2.6 Root dry weight 
A. holosericea (LR) produced the most root dry weight followed by A. 
holosericea (HR) with A. cowleana having the least root dry weight in all the 
treatments (Fig. 4.16, Table 4.9). Root dry weight vvas unaffected by any of the 
treatments in A. holosericea (LR) seedlings but was significantly less in the well-
watered treatment than both the flooded and water stressed treatments in A. 
holosericea (HR) seedlings. The largest amount of root growth in A. cowleana 
seedlings was obtained in the water stressed treatment and least in the well-
watered treatment. 
7 7 
-0\ 
---...... 
..c. 
0\ 
·-a, ) 
:::,"\ 
~ 
""C 
...... 
0 
0 
a::: 
1 .2 --------------
1 .0 
0.8 
0 .6 
0.4 
0.2 
0.0 
flooded 
D cordrol 
I! stressed 
2 3 
Prove na nee 
Fig. 4.16. Effect of ,Nater treatments on root dry weight. 
Provenance 1 = A. cowleana; 2 = A. holosericea (LR) and 3 = A. 
holosericea (HR). Ver tic al bars show the standard error of the 
mean. 
4.2.7 Root:Shoot ratio 
Root to shoot ratios differed between provenances (P <0.001) being 
highest on average in A. holosericea (LR) seedlings. In all provenances the water 
stressed treatment significantly increased the root:shoot ratio (Fig. 4.17). 
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4.2.8 Root distribution 
The distribution of root dry weights throughout the soil profiles differed 
significant! y between provenances and treatments (Fig. 4.18). In A . cowleana 
seedlings, root dry weight in the well-watered treatment was d istributed uniformly 
throughout the soil profile but at a low concentrations ( < 0.05g per 20cm depth). 
Root growth was much greater (0.l-0.2g per 20cm depth) in both the flooded and 
water stressed treatments down to 60cm depth but below this the roots in the 
flooded treatment declined markedly whereas those in the stressed treatment were 
maintained at relatively high concentrations. In A . holosericea (LR) seedlings, root 
growth was maintained at relatively high concentrations (0.1-0.2 g per 20cm of 
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depth) throughout the soil profile in the \vell-\.vatered and stressed treatments and 
was even higher (0.3g per 20cm depth) in the flooded treatment to 60cm depth. 
Beyond this there was negligible root grovvth in the seedlings exposed to flooding. 
In A. holosericea (HR) seedlings, root grovvth vvas maintained relatively uniformly 
to all depths in well-watered and stressed treatments vvith root growth being 
consistently better (0.1-0.2g per 20cm depth) in the stressed treatment than in the 
well-watered treatment (about O. lg per 20cm depth). Root growth in the flooded 
treatment was similar to that observed for A . holosericea (LR) seedlings but was 
slightly less (0.2g per 20cm depth) than in A. holosericea (LR) provenance (0.3g per 
20cm depth). 
Overall, root growth of A. cowleana seedlings was least in the flooded 
and well-watered treatments and root growth of A. holosericea (LR) seedlings was 
best. Root growth of seedlings from all provenances was similar in the stressed 
treatment except at the lowest depth where root growth of A. cowleana seedlings 
was least. 
Table 4.11. Distribution of dry weight of root (g) and as a percentage of total. 
Provenance Treatment Root dry 0-20cm 20-40cm 40-60cm 60-80cm 80-100cm 
weight 
A. cowleana 
flooded to 40cm 0.43 0.15 0.12 0.13 0.04 0 
100% 33 29 30 8 0 
watered daily 0.15 0.05 0.03 0.03 0.02 0.02 
100% 29 19 22 14 16 
water stress 0.68 0.18 0.12 0.17 0.13 0.08 
100% 26 17 26 21 10 
A. holosericea (LR) 
flooded to 40cm 0.89 0.33 0.23 0.31 0.01 0 
100% 37 27 35 1 0 
watered daily 0.74 0.22 0.14 0.12 0.11 0.15 
100% 30 20 16 14 20 
water stress 0.80 0.17 0.08 0.15 0.21 0.18 
100% 22 10 19 26 23 
A. holosericea (HR) 
flooded to 40cm 0.70 0.22 0.17 0.27 0.03 0 
100% 33 24 39 4 0 
watered daily 0.40 0.11 0.09 0.05 0.05 0.10 
100% 27 23 13 13 24 
water stress 0.73 0.18 0.12 0.11 0.14 0.19 
100% 24 15 16 19 26 
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4.2.9 Root allocation ratio 
Root allocation ratios (defined as the ratio of the root dry weight in the 
0-40cm section to root dry vveight in the section belovv 40cm) were largest in the 
flooded treatment in all three provenances but were least affected by flooding in 
the A. holosericea (HR) seedlings (Fig. 4.19). In all provenances, the ratio was least 
in the stressed treatment indicating the increased root dry weight with soil depth in 
all provenances. The reductions in the root allocation ratio under water stress was 
largest in A. holosericea (LR) seedlings. 
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4.2.10 Discussion 
A. holosericea and A. cowlenna are found along riverine fringe forest 
habitats and the continued existence of the species may depend on their ability to 
develop deep root systems vvhich can tap underground water. The requirement for 
deep roots may be particularly important in drier areas where the water table may 
be lower. Eucalyptus camaldulensis, which is also a riverine species, has been 
associated with a deep root system (Avve et al. 1976). 
When grown under flooded or well-watered conditions shoot water 
potential and shoot moisture content were similar in seedlings from all three 
provenances (Table 4.7) but when grown under water stress A. cowleana seedlings 
maintained considerably higher shoot water potentials and moisture contents than 
seedlings from the other two provenances. 
Significant differences were also observed in shoot height growth and 
shoot dry weight in seedlings from all three provenances grown under different 
watering regimes. A. holosericea (LR) seedlings grew best in the presence of 
adequate water (flooded and well-watered treatments) and A. cowleana seedlings 
grew least (Figs. 4.13, 4.15). When exposed to water stress, however, shoot growth 
was comparable in all seedlings. Compared with growth in the well-watered 
treatment, A. holosericea (HR) seedlings were relatively unaffected by water stress, 
growth of A. holosericea (LR) seedlings was reduced, especially in shoot dry weight, 
and shoot growth of A. cowleana seedlings actually increased. These differences in 
growth conform only slightly with the n1easured shoot water potentials and shoot 
moisture contents in that A. cowleana seedlings maintained high values of these 
measures of plant water status under water stress whereas seedlings from the other 
two provenances did not. It should be noted however that growth occurred over 
the whole experimental period whereas the measures of plant water status were 
made only at the time of harvest vvhen seedlings from the two provenances of A. 
holosericea were showing evident signs of wilting . The time at which the shoot 
water potentials and shoot moisture contents fell sharply was not observed. 
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Root growth in seedlings of A. holosericen (HR) and A. cowleana was 
also markedly affected by treatment (Fig 4.16). Root gro1.vth was least in the control 
seedlings and largest in the water stressed seedlings. Root growth in A. holosericea 
(LR) seedlings was unaffected by treatment and, on average, was larger than in 
seedlings from the other two provenances . 
In overall growth, A. holosericea (LR) exhibited greatest growth in shoot 
height, shoot dry weight and root dry weight, and A. cowleana least growth in the 
flooded and well-watered treatments. All seedlings grew similarly in both shoots 
and roots in the water stressed treatment. Root:shoot ratio was slightly higher in A. 
holosericea (LR) seedlings in the water stressed treatment. 
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These results differed from those obtained when seedlings were grown 
in small pots (see section 4.1). Figure 4.1-4.8 shows that A. holosericea (HR) grew 
best under well-watered and stressed treatments and A. holosericea (LR) the 
poorest with A. cowleana being intermediate. This suggests that seedling growth is 
affected by soil volume and depth and den1onstrates that when root growth is less 
restricted A. holosericea (LR) can outperform the other two provenances. In 
contrast, A. cowleana still grows slowly when root growth is less restricted but 
grows better under water stressed conditions compared to both flooded and well-
watered treatments when root growth is less limited (Fig. 4.14). This may suggest 
that A. cowleana is better adapted to drought conditions than to the other two 
treatments. There is evidence to suggest that results of experiments conducted in 
pots are not good predictors of performance in less restricted rooting conditions. 
Similar responses have been reported for sorghum (Bawazir and Idle, 1989) and in 
Eucalyptus species (Pereira and Kozlowski, 1976). In small pots, with a limited 
volume of soil for roots to explore, seedlings which concentrate on developing root 
systems may be severely disadvantaged. In larger pots, on the other hand, the roots 
have a greater volume of soil to explore in search of water and results obtained in 
larger pots may be more representative of those likely to be obtained in the field. 
The production of larger root dry vveights in stressed compared with the 
well-watered treatment in A. cowleana and A. holosericea (HR) seedlings contrasts 
... 
with the results obtained by Awe et nl. (1976) \Vho obtained grea ter root dry weight 
in Eucalyptus camaldulensis under well-v,ratered conditions, and by Neave (1987) 
who found no significant differences in root dry weights in seven eucalypt species 
in experiments carried out in similar pots. The larger root growth in the stressed 
treatment in the present study resulted in a higher root:shoot ratio than the other 
two treatments. Overall, seedlings of A . holosericea (LR) had a higher root:shoot 
ratio in both the small pots and the long tubes indicating that it is more efficient at 
allocating photosynthate to root production than seedlings from the other two 
provenances. 
The root allocation ratios may indicate inherent morphological 
characteristics of seedlings (Neave, 1987) and demonstrate whether a species tends 
to produce the majority of its roots in the upper or lower parts of the soil profile. In 
all provenances root allocation ratio was largest in the flooded treatment (1.6), 
intermediate in the well-watered treatment (1.0) and smallest in the stressed 
treatment (0.6). Compared with the relatively uniform distribution of roots 
throughout the soil profile in the well-vvatered treatment, roots in the flooded 
treatment were concentrated in the upper parts of the soil profile whereas in the 
stressed treatment more roots grew to a greater depth in the profile. The results 
indicate that root growth was influenced by the available moisture with growth 
being inhibited in the poorly drained, water logged section of the flooded treatment 
and growing further in search of water in the stressed treatment. These results for 
the stressed treatment were similar to those obtained by Neave (1987). A. 
holosericea (LR) seedlings showed the largest change in root allocation ratio in 
response to water stress. 
The mean soil moisture contents differed between treatments (Table 4.8) 
with the flooded soils maintaining high moisture contents at depths from 40 to 
100cm, the well-watered soils showing a gradation from 6-7% in the top 20cm to 
about 12% at the 80-100cm segment, and the ,-vater stressed treatment having a 
uniform soil moisture content of about 1 o/o or less at all depths . The only exception 
to this was in the water stressed pots containing A . cowleana seedlings in which 
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the soil moisture content at 60-100cm dept 1. 'J.S 2-3 o/o. Examination of root dry 
weight at different levels in the soil profi e sho\,vs that almost all of the roots were 
formed above the water table (0-60cm) in the flooded treatment and there was a 
more or less uniform distribution of roots in the well-watered and stressed 
treatments (Fig. 4.18). A. cowleana seedlings grew slowest in shoots and roots and 
hence may have used less water. This may explain vvhy the pots containing stressed 
seedlings of A. cowleana had higher soil moisture content at the bottom. 
The data indicate that A. holosericea (LR) seedlings possess a greater 
ability to vary seedling growth in response to soil moisture contents and are more 
productive than seedlings of the other tv10 provenances when soil depth is not 
restricted. Therefore the ability of A. ho/osericca (LR) to survive and grow in dry 
areas could be partly due to a capacity to produce a deep root system. 
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4 .. 3 WATER RELATIONS 
4.3.1 Relative water content and shoot vvate r potential 
The relative water contents (RWC) determined from phyllodes of ,.vell-
watered seedlings grown in small pots at each fortnightly harvest showed no 
provenance variation except for seedlings of A. holosericea (LR) which had a low 
RWC at week 7 (Appendix 1 (x)). Similarly there was no significant difference in 
shoot water potentials of these well-watered seedlings (Appendix 1 (xi)). Water 
stress significantly reduced both RWC and shoot water potential in seedlings from 
all provenances but in no case was the provenance x water interaction significant, 
indicating that all provenances reacted sin1.ilarly to water stress. 
4.3.2 Water use 
The amount of water used per day by the well-watered seedlings was 
significantly larger in A. holosericea (HR) seedlings than in seedlings from the 
other two provenances (Fig. 4.20, Appendix 1 (xii)). The rate of water used 
increased steadily with time in all seedlings but the rate of increase in water use by 
A. holosericea (HR), which had high rates of water use initially, was less than that 
in seedlings from the other two provenances. Water use was reduced significantly 
by water stress in all provenances (P < 0.001) (Appendix 1 (xii)) and stressed 
seedlings from all provenances used similar amounts of water (about 31 to 42 
g.day -1) throughout the experimental period. 
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Water use will depend, at least in part, on seedling size and hence water 
use per unit leaf area may be a better indication of the control of water use by 
plants. Water use per unit leaf area (Fig 4.21 and Appendix 1 (xiii)) shovvs water 
use declined with time of treatment in both the vvell-watered and stressed 
seedlings and at the end of the experiment well-vvatered seedlings were using 
only one-third of the water per unit leaf area than at the beginning. Well-watered 
seedlings of A. cowleana and A. holosericea (LR) used significantly more water 
per unit leaf area than A. holosericea (HR) seedlings. Water stress had very little 
effect on water use per unit leaf area but after ten weeks of stress it appeared that 
both A. cowleana and A. holosericea (LR) stressed seedlings were using more 
water per unit leaf area than the well-watered seedlings. Water use in stressed 
seedlings of A. holosericea (HR) did not differ from that in the well-watered 
seedlings and was less than in stressed seedlings from the other two provenances. 
4.3.3 Water-use efficiency 
Water-use efficiency was calculated as the amount of dry matter 
produced per unit of water used between successive harvests. Since different 
seedlings were harvested at different harvests it was not possible to relate water 
use to the growth increment in individual seedlings. Hence the means of water 
used and biomass increment were used to calculate the water use efficiency 
(WUE) and the data could not be analysed statistically. On average A. holosericea 
(HR) seedlings had a higher WUE, particularly in the stressed seedlings, compared 
to seedlings in the other provenances (Table 4.12). At the last harvest, well-
watered seedlings of A. holosericerz (HR) had a WUE of 2.98 while A. holosericea 
(LR) had 2.49 and A. coivleana 2.71mg dry wt/ g water used. Overall, WUE was 
reduced by water stress with the reduction being more severe in A. cowleana 
(reduced by 30%) and A. holosericerz (LR) (reduced by 28%) than in A. holosericea 
(HR) (reduced by 18%). 
9 0 
• 
Table 4.12. Water use efficiency (mg dry w t/ g H20) as affected by wa ter s tress and provenance. 
Provenance 
A. cowleana 
A. holosericea (LR) 
A. holosericea (HR) 
4 weeks 
C 
2.75 
3.01 
2.62 
s 
2.12 
2.29 
2.46 
\Va ter Stress Treatment 
7 weeks 
C 
2.31 
2.06 
2.67 
s 
2.05 
2.19 
3.12 
10 weeks 
C 
2.71 
2.49 
2.98 
s 
1.88 
1.70 
2.45 
C, S, LR, HR= Control treatment, water stress treatment, low rainfall, high rainfall, respectively 
and W, Pin analysis of variance= water stress treatment and provenance. 
When water use efficiency was calculated by determining the actual 
amount of water used after application of water stress and the total biomass of 
individual seedlings at each harvest, similar results were obtained (Table 4.13). 
(This method of calculating WUE was only an approximation since the water 
used before the treatments were imposed was not taken into account). These data 
again show that A. holosericea (HR) had higher WUE particularly in the stressed 
seedlings compared to the other two provenances. 
Table 4.13. Water use efficiency (mg dry wt/ g H20) as affected by water stress and provenance. 
Water Stress Treatment 
2 weeks 4 weeks 7 weeks 10 weeks 
9 1 
--------- ----------- ----------- --------------
Provenance C s C s C s C s 
A. cowleana 4.40b 5.59a 3.45b 4.14ab 2.72bc 3.08b 2.89ab 2.64b 
A. holosericea (LR) 4.19b 5.44ab 3.27b 3.80b 2.44c 2.96b 2.67b 2.45b 
A. holosericea (HR) 4.SOab 5.93a 3.74b 4.60a 3.14b 4.09a 3.23a 3.22a 
Analysis of variance 
w P < 0.001 w P < 0.001 w P < 0.001 w NS 
p NS p P < 0.05 p P <0.001 p P< 0.001 
WxP NS WxP NS WxP NS WxP NS 
C, S, LR, HR= Control treatment, water stress treatment, low rainfall, high rainfall, respectively 
and W, Pin analysis of variance= water stress treatment and provenance. Means within each period 
followed by the same letter do not differ signific antly at 0.05 level (L.S.D.-test); means can be 
compared in all directions within each period. 
The relationship betvveen biomass and \Vater used indicates that biomass 
per unit water used increased \Vith seedling size in all provenances and in the 
water treatments (regression coefficient > 1) (Table 4.14). The rate of increase in 
biomass per unit of water used was largest in A. holosericea (HR) seedlings, 
intermediate for A. cowleana seedlings and lowest for A. holosericea (LR) 
seedlings. This shows that A. holosericea (HR) had the highest water use 
efficiency compared to the other tvvo provenances. Water stress reduced the 
biomass per unit water used least in A . lzolosericea (HR) compared to the other 
two provenances. 
Table 4.14. Regression equations for total seedling dry weight (biomass) (mg) as a function of water 
used (water) (g). 
Treatment Equation R2 
A. cowleana 
A. 
A. 
control Biomass= 1170.21 + 2.73 water 0.98 
stressed Biomass = 1954.37 + 1.92 water 0.94 
holosericea (LR) 
control Biomass= 1152.78 + 2.48 water 0.98 
stressed Biomass= 1884.08 + 1.76 water 0.86 
holosericea (HR) 
control Biomass= 2059.56 + 2.96 water 0.98 
stressed Biomass = 2068.05 + 2.59 wa tcr 0.91 
4.3.4 Stomata! resistance 
Stomata! resistances were similar on both surfaces of the phyllodes and, 
in general, the stomata! resistances of the well-watered seedlings of A. 
holosericea (HR) (3.0 to 8.3 scm-1) were higher than those of the well-watered 
seedlings of the other provenances (1.4 to 3.8 scm-1). Stomata! resistances 
increased in seedlings of all provenances with increasing water stress (Fig. 4.22) 
and at the end of each drying cycle, i.e. after 5 days of stress when the seedlings 
were visibly wilting, the stomata of seedlings of all the provenances were nearly 
or completely closed. 
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However the stomata responded rapidly to re\vatering, and by day 2 or 3 after 
rewatering the stomata! resistances of A. holosericea (LR) and A. holosericea 
(HR) seedlings had declined to the control values, after which they again 
increased steadily as the drying cycle progressed. The stomata in A. cowleana 
seedlings were not so responsive. Stomatal resistances decreased rapidly 
following rewatering but only to about 10 scm-1 compared with control values of 
about 3 scm-1. Stomata! resistances of A. cowleana seedlings remained at about 10 
scm-1 for three days of drying after which they increased. 
4.3.5 Epidermal conductance (ge) 
Epidermal conductances did not differ significantly between 
provenances and water stress had no effect on epidermal conductance (Table 
4.15). 
Table 4.15. Effect of water stress and provenance on epidermal 
conductance (mm s-1). Standard errors of the means are shown in brackets. 
Treatment 
control 
stressed 
A. cowleana 
0.08(0.015) 
0.05(0.014) 
4.3.6 Tissue-water relations 
A. holosericea(LR) 
0.04(0.003) 
0.04(0.02) 
A. holosericea(HR) 
0.06(0.009) 
0.07(0.025) 
Osmotic potentials at full and zero turgor in the well-watered seedlings 
were lowest in A. cozvleana seedlings and highest in A. holosericea (HR) 
seedlings but these differences were not significant statistically (Table 4.16). Water 
stress lowered the osmotic potential at zero turgor (D0) significantly (P < 0.01) 
but the reductions in osmotic potential at full turgor (IT100) were not significant 
statistically (Table 4.16). Osmotic potentials at zero turgor were lowered by 0.22 
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MPa in Acacia cowleana, 0.23 MPa in A. /10/osericea (LR) and 0.40 MPa in A. 
holosericea (HR). Water stress signif cantly increased the range behveen TI100 and 
I10 (P < 0.05) with A. cowleana and A. lzolosericea (LR) having a significantly 
larger range than A. holosericea (HR). 
The reductions in the osmotic potential in the vvater stressed seedlings 
(Fig. 4.23) enabled the stressed plants to maintain higher positive turgor 
pressures over a range of water potentials compared to the well-watered 
seedlings (Fig. 4.24) but the differences between provenances were not significant 
statistically. 
Table 4.16. Osmotic potential at zero turgor ( D 0 ) , osmotic potential at full turgor 
(I1100), relative water content at zero turgor (RWC0), apoplastic relative water 
content (R), turgid weight:dry weight ratio and analysis of variance table.*, **, 
***, significant at 0.05, 0.01,0.001, respectively. ns, not significant. 
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Provenance Treatment Do D100 D100- Do RWC0 Ra Twt/Dwt 
(MPa) (MPa) (MPa) ratio 
A. cowleana 
control -1.55 -1.16 0.38 0.78 0.27 4.59 
stressed -1.77 -1.28 0.49 0.88 0.52 3.49 
A. holosericea (LR) 
control -1.47 -1.06 0.41 0.77 0.22 4.23 
stressed -1.70 -1.15 0.55 0.88 0.59 3.54 
A. holosericea (HR) 
control -1.29 -1.02 0.27 0.90 0.53 3.78 
stressed -1.69 -1.33 0.36 0.88 0.39 3.85 
Analysis of variance table 
Water ** ns * ** ns *** 
Provenance ns ns * * ns ns 
Water x provenance ns ns ns ** ns *** 
Provenances differed significantly (P < 0.05) in the relative water 
content at zero turgor (RWC0 ) with the vvell-vva tered seedlings of A. holosericea 
(HR) having a higher RWC0 compared to the other two provenances. Water 
stress significantly (P < 0.01) affected RWC0 . Water stress increased RWC0 in A. 
cowleana and A . holosericea (LR) and had no effect in A. holosericea (HR) 
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(Table 13). At zero turgor stressed seedlings from all provenances had the same 
RWC 0 .At relative water contents above 95 90 the ,;,Vater potentials of the control 
and stressed seedlings were similar but at relative water contents lower than 95% 
the water potentials of the stressed seedlings were lower than the corresponding 
well-watered seedlings in all provenances (Fig. 4.25). 
There was no significant difference in the apoplastic ,.vater content (Ra) 
between provenances and between the stressed and control seedlings due to 
greater variability in this parameter. Generally, Ra for the well-watered seedlings 
was small in A. cowleana and A. holosericea (LR) provenances (0.27 and 0.22, 
respectively) compared to A. holosericea (HR) (0.53). Water stress increased Ra in 
A. cowleana and A. holosericea (LR) (0.52 and 0.59, respectively) while it 
decreased Ra in A. holosericea (HR) (0.39). Provenances did not differ 
significantly in the Twt/Dwt ratio in the ,;,vell-,;,vatered seedlings but the ratio was 
smaller in A. holosericea (HR) seedlings compared to seedlings in the other two 
provenances. Water stress significantly reduced the Twt/ Dwt ratio (P < 0.001) in 
A. cowleana and in A. holosericea (LR) seedlings but had no effect in A. 
holosericea (HR) seedlings. 
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4.3.7 Soil Moisture Content to Death of Seedlings 
The effects of withholding 'v\'ater follovving 1vvatering to field capacity of 
both well-watered and water stressed seedl'ngs (Fig. 4.26) shows that the well-
watered seedlings of the two A. holosericea provenances lost water much more 
rapidly through evapotranspiration than A. cowleana seedlings. Initially the rate 
of evapotranspiration was very high in the well-watered seedlings of both 
provenances of A. holosericea (200 mg d-1) but this fell very rapidly to <25 mg d-1 
by day 3 after withholding water. A. cowleana seedlings on the other hand 
transpired less, initially (150 mg d-1 ), and reduced the transpiration rate in 
seedlings more gradually to <25 mg d-1 by day 5. Previous exposure to water stress 
reduced the transpiration rate in seedlings of all provenances to an initial rate of 
70-90 mg d-1 but transpiration rates of about 50 mg d-1 were maintained in the 
stressed A. holosericea seedlings to day 5. 
The days to wilting after withholding water were least in well-watered 
seedlings of A. holosericea (2-3 days) compared with 2-5 days in A. cowleana 
seedlings (Table 4.17). The time to wilting was increased by water stress in all 
provenances but was least in A. holosericea (HR) seedlings (5-8 days) compared 
with A. cowleana (5-12 days) and A. holosericea (LR) (7-12 days) seedlings. The 
number of days after withholding water to death of the seedlings was greatest in 
A. cowleana and least in A. holosericea (HR) in both well-watered and stressed 
seedlings. The soil moisture content at the time the seedlings died was higher in 
well-watered seedlings of A. holosericea than in the stressed seedlings but little 
difference in soil moisture content was observed for the A. cowleana seedlings. 
The soil moisture content at death of well-watered seedlings was higher for 
seedlings of both the A. holosericea provenances than for A. cowleana seedlings 
but with stressed seedlings of A. holosericea provenances withstood lower soil 
moisture contents than seedlings of A. cowleana provenance. 
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Table 4.17. Time to wilting and death of seedlings. Standa rd error of the mean in brackets. 
Provenance Treatment Days to Days to SMC at Death 
wilting death 
A. cowleana 
control 2-5 7-9 0.17(0.045) 
stressed 5-12 12-17 0.19(0.019) 
A. holosericea (LR) 
control 2-3 4-6 0.29(0.063) 
stressed 7-12 9-17 0.15(0.020) 
A. holosericea (HR) 
control 2-3 3-6 0.26(0.046) 
stressed 5-8 9-12 0.13(0.044) 
4.3.8 Discussion 
A. holosericea (HR) seedlings used significantly more water on a whole 
seedling basis (amount of water used/ day) than seedlings of the other two 
provenances due to differences in plant sizes. Examining water use per seedling 
was very useful because it provided an estimate of the speed at which water was 
lost from a limited water reservoir represented by the pot. The bigger seedlings 
from A. holosericea (HR) depleted the soil 1.vater more quickly than seedlings 
from the other provenances. Water stress reduced the amount of water used in 
all pots to a similar level. However when water used/unit leaf area was 
examined it was least in A. holosericea (HR) seedlings. Water stress had little 
effect on water used/unit leaf area and again A. holosericea (HR) used less 
water/ unit leaf area. 
WUE whether calculated as the mean amount of water used per unit 
increment in biomass between harvests or as ,Nater used per total amount of 
biomass at each harvest was larger in A. holosericea (HR) than in the other two 
provenances. These results are consistent with the tendency for A. holosericea 
(HR) to have higher short term TE as measured by gas exchange (Fig. 4.12b) and 
larger stomata! resistances of well-watered A. holosericea (HR) seedlings. 
Stomatal resistances also increased more rapidly in A. holosericea (HR) seedlings 
after imposition of water stress (Fig. 4.22). This may be ironic since the dry areas 
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are more likely to favo ur provenances ,vi h high WUE. The higher WUE the less 
water is transpired for a unit biomass and, thus ot er things being equal, less 
water would be taken up per unit growth, resulting in conservation of water. 
However, the large leaf area in A. holosericea (HR) negates the benefits of a high 
WUE in terms of conservation of water and seedlings of this provenance 
depleted soil moisture more rapidly than seedlings of the other provenances and 
wilted and died earliest after water was withheld.·De Lucia and Heckathorn (1989) 
also found that the drought tolerant Artemisia tridenta ta had a lower WUE than 
the less drought tolerant Pinus ponderosa. They postulated that the maintenance 
of a high WUE was a conservative 'strategy' that may be detrimental in a 
competitive water-limited environment since the water saved by having a high 
WUE may not be available to the plant when it needs it. They concluded that a 
low WUE and a high degree of drought tolerance may be a more successful 
combination of physiological characteristics in most dry habitats. 
Water stress reduced the WUE in all provenances. Since water stress 
affects both transpiration and growth, WUE in stressed plants depends on the 
balance between the inhibition of growth and reduction in transpiration (Temple 
and Benoit, 1988). Water use efficiency generally increases after imposition of 
water stress because stomata! closure causes a proportionately greater decrease in 
transpiration than photosynthesis (De Lucia and Heckathorn, 1989).The derived 
WUE values in this study are also affected by abscission of older leaves. These 
leaves would have transpired water during the early part of the experimental 
period but they were not included in the harvest weights. However, in this study, 
A. holosericea (HR) had, on average, a higher WUE at all harvests commencing 
two weeks after stress was applied (Table 4.12, 4.13) and differences between 
provenances in leaf abscission were observed only after week 7. WUE generally 
declined with age (Table 4.13). This could be associated vvith increasing leaf 
senescence with age. It should also be pointed out that high WUE may not be 
important in drought resistance of species that have deep root systems which can 
gain access to water throughout the year. 
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There are no previous repor ts on osmotic adjus tment in A. holosericea 
and A. cowleana and very fe vv in acacias in general. Hovvever, osmo tic 
adjustment has been reported in acacias (Tunstall and Connor, 1975), eucalypts 
(e.g. Bachelard, 1986b; Clayton-Green, 1983; Crawford, 1985; Doley, 1981; Lacliges, 
1975; Myers and Neales, 1984; Yang et al., 1988), poplars (Abrams, 1988), spruce 
(Colombo, 1987) and in agricultural crops (Flovver and Ludlow, 1986; Jones and 
Turner, 1980; Rascio et al., 1988). Osmotic adjustment occurred in seedlings of all 
provenances subjected to water stress enabling them to maintain higher turgor 
potential over a range of water potentials (Figure 4.24). Furthermore, turgor was 
lost at a higher leaf water potential in well-watered than in the water stressed 
seedlings. The capacity to adjust varied between provenances with highest 
adjustment recorded in A. holosericea (HR) seedlings (0.40 MPa). A. cowleana 
and A. holosericea (LR) had similar osmotic adjustment (0.22 and 0.23 MPa, 
respectively). This study indicates that A. cowleana and A. holosericea (LR) 
became slightly more drought tolerant but A. holosericea (HR) had a greater 
ability to adjust physiologically in response to water stress. A similar result was 
found in loblolly pine when the less drought tolerant provenances were found to 
have higher osmotic adjustment than the more drought tolerant ones (Seiler 
and Johnson, 1988). Seiler and Cazell (1990) found that red spruce seedlings had 
little ability to adjust osmotically. The lovvering of osmotic potential at zero 
turgor may be due to reduction in cell size, which increases the concentration of 
solutes into a smaller volume or accumulation of solutes (Jones and Turner, 
1980), a decrease in the TW /DW ratio (Wilson et al., 1980), or an increase in 
tissue elasticity (Abrams, 1988). Also a larger quantity of water bounding in the 
cell wall (R) may buffer the protoplasm against desiccation (Clayton-Green, 1983) 
and thus, provenances with higher quantity of bound water may be more 
drought tolerant. In this study the TW /DW ratio decreased and Ra increased due 
to water stress in A. coivleana and A. holosericea (LR) (Table 4.16). It appears that 
these may be adaptive characteristics of A. cowleana and A. holosericea (LR) 
seedlings in response to water stress. Wilson et al. (1980) attributed the small 
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osmotic adjustment in the tropical legume sira tro after application of \vater stress 
to a decrease in the TW /DW ratio and Bachelard (1986b) also found a reduction 
in TW /DW ratio when eucalypts vvere exposed to \vater stress. It is possible that 
the small reduction in osmotic potential at zero turgor in A. cozvleana (14%) and 
A. holosericea (LR) (16%) seedlings under water stress could be due to a decrease 
in the hydration of the leaf where reductions in the TW /DW ratio of 24% and 
16% were observed in the water-stressed seedlings, respectively. The apparent 
osmotic adjustment of 31 o/o in A. holosericea (HR) seedlings could not be 
explained in terms of the TW /DW ratio. The effects of water stress on cell wall 
thickness and cell size will be examined in the next section. The well-watered 
seedlings of A. cowleana and A. holosericea (LR) had a lower osmotic potential at 
zero turgor compared to seedlings of A. holosericea (HR) suggesting that A. 
cowleana and A. holosericea (LR) seedlings may have a higher soil-plant water 
potential gradient at zero turgor leading to a higher rate of water uptake in these 
seedlings. The wider range between TI 100 and TI 0 in A. cowleana and A. 
holosericea (LR) also suggests that these seedlings may maintain positive turgor 
over a wider range of water potentials as soil dries. 
Relative water content at zero turgor (RWC0 ) can be used as an 
indicator of modulus of elasticity (£) with an increase in elasticity resulting in 
zero turgor occurring at lower values of relative water content (Parker and 
Pallardy, 1988). £ refers to the rate at which the water potential declines with 
decrease in relative water content. Elastic tissues will have a more gradual 
change in water potential for a given decrease in relative water content. 
Therefore rigid tissue will quickly develop low water potentials and thereby 
maintain a gradient for vvater uptake from drying soil without undergoing a 
large water deficit (Abrams, 1988). On the other hand elastic tissue will undergo a 
greater change in cell volume and maintain higher turgor as water content 
decreases (Clayton-Greene, 1983). Therefore rigid or elastic tissue may contribute 
to desiccation tolerance. In the present study water stress increased RWC0 in A. 
cowleana and A. holosericea (LR) seedlings, indicating that they are less elastic 
~· 
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and had no effect on A. holosericca (HR) seedl ings. The higher RWC 0 of the 
stressed seedlings compared to the ,vell -,vatered seedlings may indicate greater 
ability to resist desiccation in A . cow/eana and A . holosericea (LR). Parker and 
Pallardy (1985) also found that seedlings of some stressed clones of Juglans nigra 
had slightly higher relative water contents at zero turgor than the well-watered 
seedlings. Parker and Pallardy (1988) found a similar result in leaves of some 
Quercus species and Clayton-Green (1983) found that adult foliage of Eucalyptus 
melliodora and Callitris columellaris which had RWCs of 88% and 82% 
respectively at a water potential of -2.SMPa had a much greater ability to resist 
desiccation than seedlings of these species ,,vhich had RWCs of 65% and 58% 
respectively. 
The 'moisture characteristics curve' has often been taken to indicate the 
relative drought resistance of plants with drought-resistant plants having a 
smaller decrease in relative water content per unit reduction in water potential 
than drought-susceptible plants. In this study the water stressed seedlings in all 
provenances had a smaller decrease in relative water content per unit reduction 
in water potential than the well-watered seedlings at relative water contents 
below 95%. At relative water contents above 95% the stressed and the well-
watered seedlings responded similarly to decline in water potential. Similar 
results were obtained by Bachelard (1986b) in stressed eucalypts and by Jones and 
Turner (1980) in moderately stressed sunflower leaves where stressed seedlings 
had a lower water potential at relative ,,vater contents less than 90%. 
The study on the soil moisture content at death also shows the effect of 
plant size on water use. The seedlings of the A. holosericea provenances were 
larger (hence larger leaf area) than those of A. cowleana and so they lost water 
faster and died earlier. Since A. coiulea na wilted and died later and at a lower 
SMC in the well-watered seedlings it is able to withstand more severe stress. 
Therefore a small transpiration surface area (less leaf area) may be advantageous 
to the survival of the plant in water limited conditions. However, differences in 
the SMC at death can be attributed to the amount of water stored at the root zone 
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and this varies with root biomass. A. co-u lcnnn seedlings \vere much smaller 
than seedlings of the A. holosericea provena ces and had smaller root biomass. 
This may account for the lower S ,fC at death in A. cowleana well-watered 
seedlings. Root biomass was found to be reduced by vvater stress (Fig. 4.7) and this 
may account for the reduced SMC at death in "\vater stressed seedlings. 
4.4 MORPHOLOGICAL AND ANAT0!\1ICAL FEATURES 
In many species it is possible to distinguish betvveen adaxial and abaxial 
surfaces but in the species used in this study the phyllodes were held vertical to 
the stem and it was not possible to distinguish betvveen adaxial and abaxial 
surfaces. Comparisons between the two surfaces of each phyllode showed no 
significant differences between surfaces in hair length, hair width, hair density, 
stomata! density, length of stomata! pores, thickness of the palisade layer and 
thickness of the spongy parenchyma so the data from both surf aces were 
combined. There were however consistent and significant differences in 
epidermal thickness between surfaces in all the provenances with epidermal 
thicknesses on one surface being twice the thickness of the other. In the results 
reported here surface (A) represents the thinner epidermis on all phyllodes. 
4.4.1 Phyllode size 
Phyllode size differed significantly between provenances (Table 4.18 and 
4.19, Plate 4.2). Well-watered A. holosericea (HR) seedlings had the largest 
phyllodes followed by A. holosericea (LR) (73% of A. holosericea (HR)), and A. 
cowleana (28% of A. holosericea (HR)) due mainly to differences in the width of 
the phyllodes (Table 4.19, Plate 4.2). Phyllode area was reduced by water stress 
with phyllodes of A. holosericea (HR) being reduced most (55%) followed by A. 
cowleana (49%) and A. holosericea (LR) (45o/o). The reductions in phyllode area in 
water stressed seedlings were due to reductions in both length and width of 
phyllodes and the relative constancy of the length/width ratio in well-watered 
and water stressed seedlings from all provenances indicates that length and 
width were reduced in equal proportions in all three provenances. The 
interaction betvveen provenance x water treatment in phyllode width and 
phyllode area is due to reductions in these parameters being largest in A. 
holosericea (HR). 
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A. holosericea (LR) A. cowleana A. holosericea (HR) 
Plate 4.2. Mature phyllodes of well-watered seedlings. 
4.4.2 Hairs 
The size of hairs on the phyllodes differed significantly between 
provenances (Table 4.18 and 4.19; Plate 4.3). In the well-watered seedlings both 
hair length and diameter were significantly smaller in A. holosericea (HR) 
seedlings than in the seedlings from the other two provenances. The density of 
hairs on the phyllodes of well-watered seedlings was, on average, lowest in A. 
holosericea (LR) which averaged 144mm-2 compared with 184mm-2 in A. 
holosericea (HR) and 199mm-2 in A. cowleana seedlings. It should be noted 
however that only about lOo/o of A. cowleana seedlings had phyllodes with hairs 
wh reas the majority were hairless. The means reported here were obtained 
from the seedlings with hairs only. 
Water str ss had no effect on hair length but increased hair diameter 
slightly (P < 0.05) and reduced hair density (P < 0.001) in all seedlings. Water 
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stress reduced hair density most in A. cowlcnnn (-!2 o/o) compared \Vith A. 
holosericea (LR) (20%) and A. holoscricen (HR) (29 %) resulting in a significant 
interaction between water treatment and provenance in this parameter. 
Table 4.18. Summary of analysis of variance .... = P < 0.001; "* = P < 0.01; * = P < 
0.05 and NS = not significant. 
Water(W) Provenance(P) WxP 
Phyllode length * * * * * * f'£ 
Phyllode diameter * * * * * * * * * 
Phyllode area * * * * * * * * * 
Hair length N3 * * * f'£ 
Hair width * * * * f'£ 
Hair density * * * * * * 
Stomata! density * * * * * f'£ 
Stomata! pore length N3 * * * f'£ 
Thickness of epidermis surface (A) N3 * * * f'£ 
Thickness of epidermis surface (8) * * * * 
Total thickness of epidermis * * * * * 
Total thickness of palisade N3 N3 * * 
Thickness of spongy parenchyma N3 * * 
Phyllode thickness N3 * * * * 
4.4.3 Stomata 
Provenances differed significantly in stomatal density and the length of 
the stomata! pores (Table 19 and 20; Plate 4.4) with stomata! density on the 
phyllodes of well-watered seedlings being highest in A. holosericea (HR) 
followed by A. cowleana (90% of A. holosericea (HR)), and A. holosericea (LR) 
(64% of A. holosericea (HR)) (Plate 3). The length of the pores was largest in A. 
holosericea (LR) and smallest in A. holosericen (HR). 
Water stress did not significantly affect stomatal pore length but 
increased the stornatal density by 43 o/o in A. holosericea (LR) and 17% in A. 
holosericea (HR). Stomata! density was unaffected by water stress in A. cowleana 
seedlings. 
1 1 0 
1 1 1 
Table 4.19. Size, hair and stomata! characteristics of phyllodes of A. cowleana, A. 
holosericea (LR) and A. holosericea (HR) seedlings. 
Treatment A. cowleana A. holosericea{LR) A. holosericea{HR) 
Phyllode length control 21.7(0.34) 25.9(0.25) 25.7(0.63) 
(cm) stressed 14.9(0.72) 16.7(0.78) 17.9(0.78) 
Phyllode width control 2.7(0.10) 7.6(0.51) 9.3(0.24) 
(Cm) stressed 1.7(0.08) 5.1(0.29) 5 .9(0.19) 
Phyllode length/width control 8.04 3.41 2.76 
ratio stressed 8.76 3.27 3.03 
Phyllode area control 43.9(0.97) 114.3(8.82) 157.4(6.79) 
(cm2) stressed 22.5(1.41) 62.9(3.37) 71.6(1.59) 
Hair length * control 190(7.8) 218(6.6) 130(3.3) 
(µm) stressed 206(5.2) 219(7.1) 131(3.4) 
Hair width* control 16.1(0.55) 18.5(0.40) 12.7(0.33) 
(µm) stressed 17.1(0.28) 19.0(0.56) 14.1(0.39) 
Hair density* control 199(7.9) 145(8.9) 184(11.0) 
(hair/mm2) stressed 116(5.8) 116(5.7) 131(11.1) 
Stomata! density control 158(15.2) 112(4.3) 176(15 .2) 
(stomata/mm2) stressed 164(16.9) 160(7 .3) 206(9.6) 
Stomata! pore length control 25.9(0.75) 29.4(0.71) 22.2(0.79) 
(µm) stressed 27.8(1.54) 28.0(1.18) 23.3(0.50) 
* only about 10°/o of A. cowleana seedlings had hairs on the phyllodes and these data for A. 
cowleana were obtained from these seedlings. Phyllodes on all other A. cowleana seedlings 
were hairless. 
Plate 4.3. Density and size of hairs on phyllode surfaces. Surfaces of water 
str ssed seedlings are on the right hand side with A. cowleana seedlings being at 
the top, A. holosericea (LR) in the centre and A. holosericea (HR) at the bottom. 
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Plate 4.4. Stomatal distribution on phyllode surfaces. 
4.4.4 Tissue organization of phyllodes 
Provenances differed significantly in all the measured parameters except 
the palisade tissue (Table 4.18 and 4.20; Pla te 4.5). The phyllodes of the well-
watered seedlings of A. cozoleana were, on average, slightly thicker than those of 
A. holosericea (LR) (90% of A. cowleana) and much thicker than A. holosericea 
(HR) (74% of A. cowleana). All tissue components of the phyllodes of the well-
watered seedlings were thinner in A. holosericea (HR) seedlings than in 
seedlings from the other two provenances. The transverse sections of all the 
phyllodes had two palisade layers surrounding a tightly packed spongy 
parenchyma (Plate 4.5). The palisade tissue formed the largest proportion of the 
phyllode in all provenances being 46o/o in A. cowleana, 50% in A. holosericea 
(LR) and 54% in A. holosericea (HR) follovved by the spongy parenchyma which 
was 36% in A. cowleana, 33% in A. holosericea (LR) and 29% in A. holosericea 
(HR). The proportion of epidermal tissue was the smallest and was similar in all 
provenances ranging from 16 to 18o/o. Water stress had no affect on phyllode 
thickness in A. holosericea (LR) seedlings nor on any of the components except 
the epidermal thickness of surf ace (B) and hence the total epidermis. Water stress 
increased the thickness of phyllodes in A. holosericea (HR) seedlings due to 
increases in the width of the palisade layer and spongy parenchyma. In A. 
cowleana seedlings, in contrast, water stress reduced the thickness of the 
phyllodes by reducing the thickness of the epidermis (surface B) as well as the 
palisade layer and the spongy parenchyma. The proportion of all the parameters 
in the well-watered and stressed seedlings were similar indicating that all the 
parameters were altered in equal proportions. 
Spongy parenchyrna cell wall thickness, which ranged from l.51µm to 
l.84µm, did not differ significantly between provenances and between the water 
treatments (Table 4.20). In the well-watered seedlkings A. holosericea (LR) 
phyllodes had the highest number of cells per unit area and A. holosericea (HR) 
phyllodes the lowest, indicating that phyllodes of the former provenance had the 
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smallest cells and the latter provenance the largest. In the stressed treatment, 
phyllodes of A. holosericea (LR) had bigger cells than those of the other two 
provenances. 
Table 4.20. Tissue organization of phyllodes of A. cowleana, A. holosericea (LR) and A. 
holosericea (HR) seedlings. 
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Treatment A. cowleana A. holosericea(LR) A. holosericea(HR) 
Phyllode thickness control 453(12.42) 407(18.02) 334(6.59) 
(µm) stressed 383(21.32) 420(11.73) 416(10.43) 
Thickness of control 26.7(2.728) 22.2(4.14 7) 19.2(1 .667) 
epidermis of stressed 27.3(1.333) 21.5(0.764) 14.5(0.764) 
surface (A) (µm) 
Thickness of control 53.7(3.346) 45.5(4.093) 35.5(3.329} 
epidermis of stressed 45.0(0.001) 26.7(2.421) 42.0(5.795) 
surface (B) (µm) 
Total thickness of control 82(1.44) 69(4.85) 55(4.62) 
epidermis (µm) stressed 72(1.33) 48(2.33) 57(6.53) 
Total thickness of control 210(8.67) 204(9.10) 181 (2.45) 
palisade layer (µm) stressed 185(10.70) 226(19.04) 234(0.83) 
Thickness of spongy control 162(6.21) 133(9.46) 98(0.83) 
parenchyma (µm) stressed 125(8.69) 145(11.91) 126(15.43) 
Spongy parenchyma control 1. 78(0.145) 1 .66(0.138) 1 .84(0.186) 
cell wall thickness stressed 1.71(0.154) 1.58(0.153) 1.51 (0.080) 
(µm) 
No.of spongy control 1326(64.6) 1696(79.2} 1137(64.0) 
parenchyma cells per stressed 1484(132.6) 1078(79.3) 1311(69.5) 
mm2 
Relative thickness of control 1 8 .1 17 .0 16.5 
epidermis stressed 1 8 .8 11 .4 13. 7 
( 0/o of phyllode) 
Relative thickness of control 46.4 50.1 54.2 
palisade stressed 48.3 53.1 56.3 
{ 0/o of phyllode) 
Relative thickness of control 35.7 32.7 29.3 
spongy parenchyma stressed 32.6 34.5 30.3 
{ 0/o of phyllode) 
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Plate 4.5. Transverse sections of phyllodes. 
4.4.5 Phyllode venation 
Provenances differed in their venation being reticulate in the two A. 
holosericea provenances and narro\vly reticulate in A. cowleana (Plate 4.6). 
Water stress had no effect on the size and density of ve:ns. 
.. 
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Plate 4.6. Provenance variations in phyllode venation. 
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4.4.6 Discussion 
A. cawleana seedlings had the sma lest and narrowest phyllodes 
followed by A. holosericea (LR) in both "' ell-vvatered and water stressed 
treatments. Although phyllode area \Vas reduced most by water stress in A. 
holosericea (HR) seedlings, these seedlings still maintained larger phyllode areas 
under water stress than seedlings from the other two provenances. A smaller 
foliar surface area may reduce the effects of excessive transpiration (Levitt, 1980) 
and Farrell and Ashton (1978) found that smaller phyllodes were associated with 
low rainfall habitats in Acacia ntclanoxylon compared with those from moister 
areas. In Eucalyptus sideroxylon leaf size ,vas less consistent among populations 
than fruit size (Bramwells and Whif fin, 1984) with populations found near the 
coast generally having large leaves and those from the drier inland areas having 
smaller leaves. 
Hairs may increase a boundary layer of still air next to the leaf which 
would increase resistance to water vapour diffusion and decrease transpiration 
(Wuenscher, 1970) or they may increase the reflection of light (Johnson, 1975) so 
reducing the absorption of radiation energy. Wuenscher (1970) found that the 
transpiration rate of Verbasun1 tlzapsus leaves from which the hairs were 
physically shaven, vvas twice that of the untreated leaves. However other studies 
have found that more hairy leaves tend to lose more water than the less hairy 
(Shapiro and DeForest, 1932). In the present study the water use per unit area 
was greater for the more hairy provenances (A. cozvleana and A. holosericea 
(LR)). However only about lOo/o of A. cowleana seedlings had leaves with hairs 
and the rest were hairless so the differences in transpiration rates could not be 
attributed to the presence or absence of hairs in this provenance. There was no 
indication in this study that hairiness of the phyllodes affected the epidermal 
conductance. 
Barlovv and Forester (1984) point out that the persistence of hairs varies 
between species, season and age of the leaf. They found that hairs on leaves of 
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some Melaleuca species \Vere progressi e y os t as he leaves matured. In the 
present study 'f./\'ater stress may have caused shedding of hai rs since the stressed 
seedlings had less hairs than the ivell-1,,vatered seedlings. 
Although A. holosericea (HR) had a much higher stomatal density 
compared to the other hvo provenances its stomatal pores were smaller. Since 
the number of stomata per unit area ivas lo,ver in A. cowleana and A. 
holosericea (LR) the higher water use per unit area in these provenances may be 
associated with the larger stomatal pores. Therefore the higher total water use in 
A. holosericea (HR) was due to larger total leaf area. 
Epidermal thickness may be expected to affect epidermal conductance 
with conductance being reduced by a thicker epidermis. However, epidermal 
conductances were similar between provenances (Table 4.15) and there is no 
evidence that either epidermal thickness or surface hairs influenced epidermal 
conductance. In well-watered seedlings, A. cowleana and A. holosericea (LR) had 
thicker phyllodes than A. holosericea (HR) seedlings and these differences were 
associated with rates of photosynthesis ,vith A. coiuleana having the lowest rates 
of photosynthesis and A. holosericea (HR) having the highest. The decrease in 
photosynthesis in the thicker phyllodes may indicate a greater resistance to CO2 
uptake at the mesophyll cell level as suggested by Wignarajah et al. (1975) for 
plants growing under saline conditions. Conversely, however, McVetty et al. 
(1989) attributed higher photosynthetic rates in Moricandia species to greater leaf 
thickness than in Brassica species. An increase in the rate of photosynthesis in 
thicker leaves may be due to an increase in the amount of internal leaf surface 
area across which gaseous exchange can occur. It is difficult to obtain unequivocal 
evidence from the literature on the i1nportance of leaf thickness or leaf structure 
on leaf physiology and Ullmann (1989) found no correlation between phyllode 
structure, stomata, hairs and water use in several species of acacia. However, 
plants adapted to dry areas usually have thicker leaves (Pereira and Kozlowski, 
1976). Furthermore Grunwald and Karschon (1982) found that the leaves of 
Eucalyptus camaldulensis from a dry area were n-tore sclerophyllous than those 
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from a wetter area. In this study, water stress decreased phyllode thickness in A. 
cowleana seedlings, increased it in A. /10/osericea (HR) seedlings and had on 
effect in A. holosericea (LR) seedlings due to changes mainly in the palisade and 
mesophyll tissues. However specific leaf vveights changed only in A. cowleana 
seedlings where they increased in response to water stress (p. 48) suggesting that 
there may have been a change in cell 'Nall thickness or cell size in this 
provenance. In the well-watered treatment the spongy parenchyma cells were 
smallest in A. holosericea (LR) seedlings, intennediate in A. cowleana seedlings 
and largest in A. holosericea (HR) seedlings. The smaller cell size in A. 
holosericea (LR) and A. cowleana seedlings may be the cause of the lower 
osmotic potential at zero turgor found in these provenances under well-watered 
conditions but there was no evidence of a decrease in cell size or cell wall 
thickness in response to water stress in A. couJleana seedlings. However, large 
variations in cell sizes between seedlings within a treatment ocurred and a more 
detailed study on effect of provenance and water stress on cell size is needed. 
Examination of the venation of phyllodes indicated that this did not 
change in any of the seedlings under stress. However A. cowleana seedlings had 
fewer veins throughout the phyllode than the A. holosericea seedlings (Plate 4.6). 
This may have importance for water economy of plants in that water may be 
conserved more readily in the A. cowleana seedlings as a consequence of the 
distribution patterns of veins throughout the phyllode. 
In all Acacia seedlings the leaf structure commences as bipinnate leaves 
with a horizontal orientation, and these are gradually replaced by phyllodes with 
a vertical orientation. The horizontal orientation may be advantageous for 
mcLximum light interception by the small area displayed by the young seedlings. 
This leaf structure may be important for the initial establishment of the seedling 
while the water is available. During periods of water stress the bipinnate leaves 
'close-up' reducing the evaporative surface and in periods of severe water stress 
they are the first to be shed. The poor water balance characteristic of the bipinnate 
leaves and early shedding as a result of drought suggest that the bipinnate leaves 
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are a more expendable leaf type than t e phyl odes, vvhich tend to be retained 
during drought (Hansen, 1986). The phyllode structure may be advantageous in 
that the vertical orientation may reduce light interception and hence reduce 
excessive water loss through transpiration. The ability to control water balance in 
phyllodes may provide an advantage during drought conditions at the expense of 
photosynthesis (Hansen, 1986). Therefore phyllodes may be more drought 
adapted, whereas bipinnate leaves probably promote rapid growth during periods 
of high moisture availability. 
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CHAPTER 5 
GENERAL DISCUSSION AND CONCLUSIONS 
5.1 Relative drought tolerance of the provenances 
The study shows that A. cowleana and A. holosericea (LR) may be more 
drought tolerant than A. holosericea (HR). 
The slower growth rates found in A. cowleana and A. holosericea (LR) 
seedlings enabled them to use less ,water (Fig. 4.20). The slow growth rates in A. 
cowleana and A. holosericea (LR) seedlings would undoubtedly contribute to a 
survival strategy of the plant to conserve water under water limiting conditions. 
Although water stress reduced growth in all provenances the leaf area of A. 
holosericea (HR) continued to increase throughout the stress period (Figure 4.2) 
indicating that this provenance was least able to adapt to water stress conditions. 
A. holosericea (HR) maintained higher growth rates after rewatering and is 
considered to be the least drought-tolerant. It would be the first to succumb to 
severe soil moisture stress since a quick restoration of growth under water stress 
conditions would jeopardise the survival of the plant by accelerating the 
depletion of a limited amount of water. In fact the lo,,ver shoot growth at the 
seedling stage in A. holosericea (LR) compared to A. holosericea (HR) is 
associated with greater allocation of assimilates to roots leading to a high root to 
shoot ratio in A. holosericea (LR). The higher root to shoot ratio in A. 
holosericea (LR) would make it better able to withstand water stress through 
increased water uptake in the provenance. The experiment in long pots suggests 
that seedling growth is affected by soil depth and that A. holosericea (LR) can 
outperform the other two provenances vvhen root growth is less restricted. My 
observations in West Africa showed that after three years of growth A. 
holosericea provenances from the drier areas had greater biomass than those 
from the wetter areas, showing that once the root system is established the 
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seedling is able to gro\v rapidly. Ho\.ve er, in t 1e fi rst year the plants from the 
wetter areas had better grovvth than those from the dry areas and during the long 
dry season were affected more by water stress leading to poor growth in 
subsequent years. 
The high drought tolerance in A. coiuleana and A. holosericea (LR) is 
also supported by the tissue water relations. A. cozuleana and A. holosericea (LR) 
had a lower osmotic potential at zero turgor than A. holosericea (HR) under 
well-watered conditions (Table 4.16). This vvill enable well-watered seedlings of 
A. cowleana and A. holosericea (LR) to withstand water stress by maintaining 
turgor at low water potentials. In the natural environment plants may go from a 
well-watered condition (wet season) to a vvater stress condition (dry season) and 
survival may be critical. The study here suggests that A. cowleana and A. 
holosericea (LR) would be better able to cope with such conditions. 
The decrease in TW /DW ratio under water stress may be important in 
hardening by increasing the resistance to water loss through an increase in cell 
wall material (Wilson et al., 1980). The TW /DW ratio was decreased by water 
stress in A. cowleana and A. holosericea (LR), and ,vas unaffected in A. 
holosericea (HR). Therefore the decrease in TvV /DW ratio in A. cowleana and A. 
holosericea (LR) may make them 1nore drought tolerant. 
Adaptations to dry areas have been associated with thicker leaves 
(Pereira and Kozlowski, 1976) and s1naller leaves (Farrell and Ashton, 1978; 
Bramwells and Whiffin, 1984). Well-vvatered seedlings of A. cowleana and A. 
holosericea (LR) had thicker and smaller phyllodes, and also lower stomata! 
density than A. holosericea (HR). All these features in A. cowleana and A. 
holosericea (LR) show some adaptation to dry areas. 
According to Ludlow (1989) a knowledge of the strategy involved is 
important in understanding hovv plan ts respond to water stress. Evidence points 
to A. holosericea and A. cowleana seedlings having a drought avoidance 
strategy. They all minimise water loss by closing stomata, reducing leaf area, 
increasing shedding of leaves and A. holoscricca (LR) seedlings have a large root 
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system which maximises water uptake. Furtl e:more, us·ng Ludlovv's (1989) 
classification which determines the drought resistance strategy of species given 
the lethal water potential or lethal relative ,vater content both species have a 
drought avoidance strategy. The lethal relative water content of A. holosericea 
and A. cowleana was about 40o/o (equivalent to a lethal water potential of about-
4MPa according to Ludlow). 
5.2 Canel us ion 
Water stress significantly changed the growth, morphological and 
anatomical characteristics and water relations in all provenances. The major 
changes when seedlings were exposed to ,,vater stress were in growth and water 
relations with A. holosericea ~ nd A. cowleana seedlings overall showing 
greater adaptations than A. holosericca (HR) seedlings. Factors of importance 
include less leaf area, greater root to shoot ratio, greater phyllode thickness, lower 
water use and a lower osmotic potential at zero turgor. All these factors will 
improve the water stress tolerance of the provenances. 
Because of their srnall size A. coruleana and A. holosericea (LR) seedlings 
may be better able to cope with water stress by maintaining a more favourable 
water balance for growth than the n1uch bigger seedlings of A. holosericea (HR) 
in small pots. Therefore in water limited conditions survival is assured by a 
phenological adaptation of reduced plant size. In A. holosericea (LR) and A. 
cowleana survival over periods of water stress seems to be the key to success of 
the provenances at seedling level, and the characteristics that enable them to 
survive are negatively correlated with productivity. Hovvever when root growth 
is less restricted A. holosericea (LR) is 111.ore productive than the other two 
provenances and maintains a higher root:shoot ratio. It seems that in small pots 
when root growth is limited and vvater is also lin1ited growth is very conservative 
survival taking precedence over production but in more open soil it is the 
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capacity to explore ne~.v soil that is important ·n A. cotuleana and A. holosericea 
(LR) seedlings. 
Seedlings from all provenances \Vere able to lovver the osmotic potential at 
zero turgor when exposed to water stress. This vvould enable the stressed seedlings 
to survive and grow at lovver tissue water potentials compared to the well-
watered seedlings. There was no difference betvveen provenances in the osmotic 
potential at zero turgor in the stressed seedlings but differences were observed in 
the well-watered seedlings. The much lov1er osmotic potential at zero turgor of 
the well-watered control seedlings of A. cowleana and A. holosericea (LR) 
compared to that of A. holosericea (HR) will enable the seedlings of A. cowleana 
and A. holosericea (LR) to survive and grovv at lower water potentials. It appears 
that osmotic adjustment in A. holosericea (HR) is attributable mainly to solute 
accumulation and in A. cowleana and A. holosericea (LR) to solute accumulation 
and decrease in tissue hydration n1ay be i1nportant. 
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In the natural environment severe droughts can occur any time. Therefore 
controlled water use is necessary for the survival of the species. Water use 
regulation of the acacias developed under more arid conditions may follow a rigid 
pattern even under well watered conditions (Ullrnann, 1989). This may be true in 
A. holosericea (LR) and A. cowleana which regulate water use through slow 
growth and less leaf area compared to the A. holosericea (HR) control seedlings. 
The main differences in the provenances were found in the well watered 
seedlings which suggests that differences in drought tolerance can be discerned 
without stress. Also, since differences in the provenances were not significant in 
many of the measured physiological and morphological parameters under stress 
tit appears that the arid provenances had less ability to further acclimate to water 
stress through water stress conditioning. Seiler and Johnson (1988) came to the 
same conclusion when the more drought tolerant provenance had lower 
transpiration in the well-watered control seedlings but shovved no decrease in 
transpiration under stress. 
The study sho\vs that climat"c conditions correlate \Vith the morphological 
and anatomical features. The thicker phyl odes, smal er phyllodes, larger hair 
densities, lower stomata! densities and higher accumulation of chlorophyll 
pigment concentrations may be energy consuming leaf modifications that the 
plant may utilize in order to endure environmental stress. However no 
correlation was found between these features and water use per unit area. 
This study shows that provenances growing in contrasting environments , 
particularly with respect to rainfall, exhibit marked differences in growth, 
physiological and morphological properties vvhich may have significant 
consequences in terms of survival and growth under water limiting conditions. 
This ability may have significance for reforestation efforts in the dry tropics where 
these species are being tested. 
It is concluded that A. holosericea (HR) provenance is more drought 
susceptible than the other two provenances and that A. cowleana and A. 
holosericea (LR) are similar in their drought tolerance. The difference in drought 
tolerance is correlated with variation in rainfall patterns at the origin of the 
provenances. Therefore it is important to match provenances with climate were 
they are to be planted. A. holosericea provenances from the wetter areas have 
been found to grow faster, produce n1ore biomass and be more suitable for forestry 
projects in wetter climates with a short dry season such as Vietnam (Thomson, 
personal comm.). The converse is true for those from the dry areas as was 
observed in West Africa. The greater water stress tolerance in A. cowleana and A. 
holosericea (LR) is shown by a slower grovvth rate (hence lower leaf area), high 
root to shoot ratio (in A. holosericea (LR)), lower water use, lower osmotic 
potential at zero turgor and a decrease in TW /DW ratio when seedlings are 
grown in small pots. In less soil restricting conditions drought tolerance in A. 
holosericea (LR) is shown by its capacity to develop a large root system. 
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5.3 Further research 
From the perspective of plant selection for grovvth in dry environments 
and of tree breeding it appears that there is suffic·ent variation in \Vater relations, 
growth and morphological characteristics vvithin A. holosericea and between A. 
holosericea and A. cowleana to allow the testing fo r field superiority under 
drought with the foreknowledge of the potential physiological, morphological 
and anatomical basis for superior performance. 
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Acacias fix atmospheric nitrogen by association vvith rhizobia. The water 
stress effects were studied here in the absence of inoculation. In the field situation 
survival and growth in nutrient deficient areas will depend on the interaction 
between water stress and rhizobia. Therefore it will be important to determine 
whether water stress tolerance differs in the presence of inoculation and/ or 
whether water stress affects nitrogen fixation by rhizobia. 
Osmotic adjustment occurred in all provenances and may be due to 
accumulation of solutes in all provenances and also to a decrease in TW /OW in 
A. cowleana and A. holosericea (LR). Since solute concentrations were not 
measured it would be interesting to knovv the extent of solute accumulation due 
to water stress in the provenances. Effects of vvater stress on cell size and cell wall 
thickness also warrant further investigation. 
The significance of increased chlorophyll concentrations under water stress 
and significance of phyllode thickness and phyllode hairs requires more detailed 
investigation. 
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Appendix 1. Tables showing means and anal ysis of variance. 
Table i. Height as affected by wa te r s tress J nd pro\'enance. 
14 0 
C, S, LR, HR = Control treatment, water s tress treatme n t, low ra infall, high rainfall, respectively 
and W, Pin analysis of variance= water trea tmen t and provenance. ~1 eans within each stress period 
followed by the same letter do not differ significantly a t 0.05 level (L.S .D-test); means can be 
compared in all directions within each period. 
W,1te r Trea tment 
0 weeks 2 weeks 4 weeks 7 weeks 
------ ------- ------ -------
Provenance C s C s C s C s 
A. cowleana 5.2b 6.Sb 10.4a b 7.6 /Jc 16.0a 10.3c 24.Sb 12.8cd 
A. holo(LR) 4.2b 4.2b 6.9c 5.1c 10.6c 7.3d 15.2c 9.4d 
A. holo(HR) 8.5a 9.6a 13.Sa 11.nn 1 9. 9rz 13.9b 29.7a 16.9c 
Analysis o f va rinnce 
W NS w r < 0.001 w r < 0.001 vv r < 0.001 
P P < 0.001 P r < 0.001 r r < 0.001 P r < 0.001 
WxP NS WxP NS WxP NS WxP P < 0.01 
Table ii. Leaf area (crn2) as affected by water stress and provenance. 
Water Treatment 
2 weeks 4 weeks 7 weeks 
Provenance C s C s C s 
A. cowleana 192.0b 145.Sbc 305.Sb 139.9d 498.4b 222.Sd 
A. holosericea (LR) 149.Sbc 109.7c 281.9b 152.9d 402. lbc 200.3d 
A. holosericea (HR) 368.9a 190.4b 571.7a 202.3c 865.7a 282.2cd 
Anal ysis o f variance 
w P < 0.001 w P < 0.001 w P < 0.001 
p P < O.OOl p r < 0.001 p P < 0.001 
WxP P < 0.05 VVxP P < 0.001 WxP P < 0.05 
10 weeks 
------------
C s 
37.9a 15.2bc 
21.lb 11.4c 
43.4a 20.lb 
W P < 0.001 
P P < 0.001 
WxP P < 0.001 
lOweeks 
C s 
883.0b 207.lcd 
770.7b 175.ld 
1257.6a 353.8c 
w P < 0.001 
p P < 0.001 
WxP P < 0.05 
r 
14 1 
Table iii. Number of leaves as affected by water stress .1nd provenance. 
\ Vale r Tre~1 tmen t 
2 weeks 4 weeks 7 weeks 10 weeks 
---------- ----------
-----------
---------------
Provenance C s C s C s C s 
A. cowleana 14.7a 9.7b 18. Oa 13.0b 33.0a 16.0c 49.7a 14.3d 
A. holosericea (LR) 9.0b 6.7c 11.0c 7.6d 10.7d 9.3d 19.3c 8.0e 
A. holosericea (HR) 13.0a 7.3c 13.4 b 7.2d 21.0b 8.0d 24.7b 10.0e 
Analysis of va riance 
w P < 0.001 w P < 0.001 w P < 0.001 vV P < 0.001 
p P < 0.001 p P < 0.001 p P < 0.001 p P < 0.001 
WxP NS WxP s WxP P < 0.001 WxP P < 0.001 
Table iv. Leaf dry weight (g) as affected by water stress and provenance. 
Wate r Trca tmen t 
2 weeks 4 weeks 7 weeks 10weeks 
------------ ----------- ---------- ---------------
Provenance C s C s C s C s 
A. cowleana 2.15ab 1.41 bed 3.86b 1.44cd 5.18b 2.29c 13.81b 3.47c 
A. holosericea (LR) 1.16cd 0.52d 2.29c 0.88d 2.98bc 0.88c 11.71b 2.62c 
A. holosericea (HR) 3.57a l.47bc 6.12a 1.72cd 10.43a 2.48c 18.02a 4.96c 
AnJlysis of variance 
w P < 0.001 w P < 0.0()1 w P < 0.001 w P < 0.001 
p P < 0.001 p P < 0.0()1 p P < 0.001 p P < 0.001 
WxP NS VVxP P < 0.001 WxP P < 0.05 WxP NS 
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Table v. Stem dry weight (g) as affected by wate r st ress and pro\·enance. 
\\late r TreJ tmen t 
2 weeks ..i weeks 7 weeks lOweeks 
------------ ----------- ---------- ---------------
Provenance C s C s C s C s 
A. cowleana 0.43ab 0.34bc 0.95b OA7c 1.50b 0.65c 3.74b 0.87d 
A. holosericea (LR) 0.24bc 0.19c 0.54c 0.3-k 1.01bc 0.49c 2.10c O.Sld 
A. holosericea (HR) 0.62a 0.39abc 1.40a O.-l7c 2.53a 0.98bc 5.40a 1.08d 
Analysis of va riance 
w NS w r < 0.001 w r < o.cxn w r < o.cxn 
p P < 0.05 r P < 0.001 p r < o.cxn p P < 0.001 
WxP NS WxP P < 0.001 VVxP NS WxP P < 0.001 
Table vi. Shoot dry weight (g) as affected by water stress and provenance. 
Water Treatment 
2 weeks 4 weeks 7 weeks 10 weeks 
------------ --------- ---------- ---------------
Provenance C s C s C s C s 
A. cowleana 3.03b 2.16bc 5.43b 2.60d 8.06b 3.87c 17.54b 4.33d 
A. holosericea (LR) 2.28bc 1.47c 4.27c 2.31d 6.47bc 3.22c 13.81c 3.13d 
A. holosericea (HR) 4.99a 2.52bc 9.06a 3.08d 13.98a 4.93bc 23.42a 6.04d 
Analysis of variance 
w P < 0.001 w r < 0.001 w P < 0.001 w P < 0.001 
p P < 0.01 r r < 0.001 p P < 0.01 p r < o.cxn 
WxP NS WxP P < 0.001 WxP P < 0.05 WxP P < 0.05 
1· 
I Table vii. Root dry weight (g) as affected by wate r st ress and pro \·enance. 
\Vater Treatment 
2 weeks 4 weeks 7 weeks 
------------
------
-----------
Provenance C s C s C s 
A. cowleana 0.88a 0.75 a 1.57bc 1.16c 2.87a 1.59b 
A. holosericea (LR) 1.12a 0.95a 1.98b 1.43c 3A 9a 2.34ab 
A. holosericea (HR) 1.4 la 1.05a 2.Sl a 1.36c 3.56a 2A5ab 
• Analysis of va riance 
w NS w P < 0.001 w P < 0.01 
p NS p P < 0.01 p NS 
WxP NS WxP s WxP N S 
Table viii. Total dry weight (g) as affected by water stress and provenance. 
Water Treatment 
2 weeks 4 weeks 7 weeks 
---------- ---------- -----------
Provenance C s C s C s 
A. cowleana 3.91b 2.91c 7.00b 3.75 C 10.93b 5.46c 
A. holosericea (LR) 3.40b 2.41c 6.25b 3.76c 9.95b 5.56c 
A. holosericea (HR) 6.40a 3.57b 10.83a 4.44c 17.54a 7.38bc 
Analysis of variance 
w P < 0.01 w P < 0.001 w P < 0.001 
p P < 0.01 p P < 0.001 p P < 0.05 
WxP NS vVxP P < 0.001 WxP NS 
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10 weeks 
---------------
C s 
5.17a 2.35b 
6.10a 2.33b 
5.32a 2.70b 
w P < 0.001 
p NS 
WxP NS 
10 weeks 
---------------
C s 
22.72b 6.68c 
19.90b 5.46c 
28.74a 8.74c 
w P < 0.001 
p P < 0.001 
WxP P < 0.05 
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Table ix. Root to shoot ratio as affected by \.vJter stress a1 d provenance. 
Wate r Treatment 
2 weeks 4 weeks 7 \Veeks 10 weeks 
----------- ---------- - - ---------
---------------Provenance C s C s C s C s 
A. cowleana 0.30bc 0.35 be 0.29c 0. -!S b 0.36de 0.41cd 0.31cd 0.54b 
A. holosericea (LR) 0.50ab 0.64a 0.47b 0.62a 0.57b 0.73a 0.45bc 0.75a 
A. holosericea (HR) 0.28c 0.4 lbc 0.28c 0.-!-! b 0.25e 0.51bc 0.23d 0.45bc 
Analysis of variance • 
w P < 0.01 w P < 0.001 w P < 0.001 w P < 0.001 
p P < 0.001 p P < 0.01 p P < 0.001 p P < 0.001 
WxP NS WxP s WxP NS WxP NS 
Table x. Relative water content as affected by water stress and provenance. 
Water Trcatn1cnt 
2 weeks 4 weeks 7 weeks 
--------- --------- ----------------
Provenance C s C s C s 
A. cowleana 94.6a 49.Sb 96.2a 64 .1 b 88.9ab 51.9c 
A. holosericea (LR) 96.la 44.0b 96.6a 60.9b 79.0b 47.7c 
A. holosericea (HR) 89.la 39.Scb 97.6a 54.4b 96.7a 46.lc 
Anzilysis of variance 
w P < 0.001 w P < 0.001 w P < 0.001 
p NS p NS p NS 
WxP NS WxP NS WxP NS 
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Table xi Water potential as affected by water stress and provcna1 cc. 
\Nate r Treatment 
2 weeks 4 weeks 7 weeks 
--------- ---------
-----------------
Provenance C s C s C s 
A. cowleana -0.08c -0.64b -0.13b -0.36b -0 .14b -2. l 9a 
A . holosericea (LR) -0.14bc -0.64b -0. l 2b -1 .88a -0 .18b -0.84a b 
A. holosericea (HR) -0.25bc -3.09a -0 .11 b -0 .54 b -O. l 7b -0.82ab 
Analysis of va riance 
w P < 0.001 w P < 0.001 w P < 0.001 
p NS p NS p NS 
WxP NS WxP s WxP NS 
Table xii. Water used (g) per day as affected by water stress and provenance. 
Wa tcr Trca tmen t 
2 weeks 4 weeks 7 weeks 10weeks 
--------- ---------
-------
---------------Provenance C s C s C s C s 
A. cowleana 63.7b 37.lc 77.6b 35.4c 83.7b 37.7c 111.9b 36.lc 
A. holosericea (LR) 58.1bc 31.Sc 73.9b 38.0c 85.0b 40.0c 106.3b 31.9c 
A. holosericea (HR) 100.la 42.Sc 110.7a 37.Sc 118.7a 38.6c 127.0a 38.6c 
Analysis of variance 
w P < 0.001 w P < 0.001 w P < 0.001 w P < 0.001 
p P < 0.01 p P < 0.001 p NS p P < 0.001 
WxP P < 0.05 WxP P < 0.001 WxP NS WxP P < 0.05 
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Table xiii. Water used per leaf area (g/cm2)pe r d,1y as affected by wate r st ress and provenance. 
\Vater Treatment 
2 weeks 4 weeks 7 \.\'CC kS 10weeks 
--------- ----------- --------- ---------------
Provenance C s C s C s C s 
A. cowleana 0.34b 0.26cd 0. 26a 0. 26a O. l 7bc 0.17bc 0.13bcd 0.18a 
A. holosericea (LR) 0.39a 0.29c 0. 26a 0. 25a 0.22a 0.20ab 0.14bc 0.19a 
A. holosericea (HR) 0.27c 0.22d 0.20b 0.19b 0.1-lc 0.14c 0.10d 0.1 lcd 
Anc1lysis of vc1 ric1ncc 
w P < 0.001 w NS w NS w P < 0.01 
p P < 0.001 p P < 0.001 p P < 0.001 p P < 0.001 
WxP NS WxP NS WxP NS WxP NS 
